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Concrete is a durable building material and has -wido 
applications. But when it is exposed to aggressive 
environment, deterioration in the material takes place which 
results into a reduced life of the structure, /icidic 
environment is created in fertilizer factories, 
tanneries, sewer pipes etc. It also occurs when some exhaiist 
gasses combine with atmosphere. Acid reacts with cement 
compounds and degenerates the product. Literature on : 
durability of concrete exposed to sulphates, chlorides, 
aoide, seawater j and probabilistic distributions of 
strength of concrete and beams; safety of structures , risk 
analysis and design of members is reviewed. Chemistry of 
cement, compound formation, hydration of cement, heat of 



hydration of cement; and corrosion mechanisms of concrete 
and reinforcement are discussed at length for better 
understanding of the problem. The stoichiometrical 
relations of some of the chemicals with the hydrated cement 
compounds which facilitate to estimate the at:ijaunt-of _a 
particular chemical required for a saturated reaction with 
cement are presented. 

An experimental investigation was carried out to 
estimate the deterioration of concrete when exposed to 
sulphuric acid of different concentrations. Mathematical 
expressions are developed to estimate; the amount ofxaoid 
consumed by concrete per unit surface area with time,, 
strength and weight reduction in concrete, and depth of 
deterioration of concrete for a given amount of acid 
consumed. These expressions are useful in proportioning a 
member and to estimate its life, and provide proper cover to 
main reinforcement etc. 

The influence of deteriorated concrete on moment 
capacity of beam is studied. The rate of decrease of moment 
capacity is low in under - reinforced sections when compared 
with that in over - reinforced sections. Strength of a 
member and loading on it are random in nature, so it is 
reasonable to consider the probabilistic variations in the 
design. All the variables are assumed as Gaussian random 
variables and a procedure for estimating the coefficient of 
variation of moment capacity is. explained, A comparison of 



J% ¥ ,,W 


design of reinforced concrete beams exposed and 
unexposed ( exposed to normal environment ) by both 
deterministic and probabilistic approaches is made.lhe 
influence of preassigned probability of failure on cost 
of bean is discussed. The cost increases with decrease 
in probability of failure, but the rate at which it in- 
creases is higher for higher jirobability of failures. 

A procedure for estimating the probability of failure, 
reliability and ha-sard rate of a deteriorating member is 
presented along with illustrative examples. Four cases 
with illustrative examples are studied. The first one 
is where the probability of failure in any year is cons- 
ta.nt. In the second case, the probability of failure 
remains constant up to 20 years, but increases due to 

sudden reduction in strength or cracking of a bean. Case 

three is similar to case two except that the load increa- 
ses instead of strength reduction. In the fourth case, 
a tine dependent deterioration in strength of concrete 

is considered. Cuiiulative probability of failure 

at the end of 50 years is calculated for the four cases 
and comparison is made. The effect of survival for every 
10 year period on the cumulative probability of failure 
is calculated. It is found that a reduction in noraent 
capacity increases the probability of failure from 

to 42(10""^). Similarly a 20 ^ increase in load- 
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ing increases the probability of failure from 5(10” ) to 
7(10"* ). A reduction of strength of concrete increases 
the probability of failure from to 8(10'"^). The 
estimation of revised probability of failure incorporating 
the observed data is useful in predicting the total llife 
of a structure. 



CHAPTER I 


IHTRODUCTIOH 


1 . 1 Introdua'jion 

Chemical eir'^ironiiient is one of the factors which 

affects the durability of concrete. Waen exposed to some 

ag; 5 ressiTe chemicals, the strength of concrete deteriorates, 

vvhich ultimately leads to the premature failure of a member. 

The high alkalinity of concrete (P 'fxO'13 ) is tampered due to 

cai'bonation and leaching out of lime in some chemical 

H 

reactions. The reduction in P allows the formation of rust 
on reinforcing steel. It is also known that corrosion of 
concrete results in two ways viz. a) swelling a't:tack, and 
b) dissolving attack. Sulphates present in soil and water 
disintegrates the concrete due to swelling attack. Calcium 
aluminate compounds of xiydrated cement form voluminous 
products when they react with sulphates. Their increase in 
volume weakens the internal frame v/ork and splitting of 
concrete takes place. Acids dissolve the components of set 
cement. Particularly sulphuric acid is a serious threat to 
durability of concrete, because it has both dissolving 
attack as well as swelling attack. Sulphuric acid normally 
occurs in fertilizer factories, taimerics, sewer pipes etc. 



Some exhaust gases when combined with atmosp.iere forms 
sulphuric acid. 

Some authors [l, 2, 3> 4} 5 3 have quantified the 
deterioration of concrete under different ciiemical 
environments. Li'terature on the effect of sulphuric acid 
on concrete is limited. ]?roiii the literature one can see 
that, the research is mostly oriented towards the effect 
of salts on concrete. But it is desirable to quantify the 
deterioration of concrete in acid environments also. 'The 
simple mathematical expressions developed in this thesis 
can be used for proper design of members exposed to sulphuric 
acid, 'Throughout the thesis, the term 'exposed' is used to 
denote the concrete exposed to sulphuric acid and 'unexposed' 
one to denote uhe concrete exposed to normal environment. 

Most of the design variables in concrete structures 
are random in nature, Particularl^r, strength of conc.rete 
is a function of many uncertain parameters . Similarly 
loads are also random in nature. The reliability of a 
structure depends on the variability in resistance and 
external forces. The reliability of a member does not 
increase beyond a particular range of coefficients of 
variation, even if the ratio of moment capacity to external 
moment is increased to any higher value. Therefore a 
rationalized design should incorporate the statistical 

* The numerals in brackets indicate the reference numbers 
given at the end. 
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variations associated with design variables and external 
loads also. 

1 . 2 Li t era/bure Re vie w 

1.2.1 In;i;^od\ictiojri 

The review of literature is divided into three groups. 

First group is of the effect of various aggressive chemicals 
on concrete. Second one is on the mathematical modelling 
of deterioration of concrete and the third is on probabilistic 
iormulation of design of concrete members. The aggressive 
chemical action of calcium chloride, sodium chloride and 
magnesium chloride among chlorides, magnesium and sodium 
sulphates among sulphates, seawater ani sulphuric acid among 
acids is reviewed. The literature on sulphuric acid is 
scarcely available. Literature on probabilistic distributions 
for strength of concrete and beams, safety of structures, 
risk analysis, probabilistic design of members and a,pplication 
of decision theo3:y is reviewed. 

1.2.2 Sff ecr^ jo_f Qhl o rid es pii JDpncrete 

If cslcium chloride reacts vifith concrete, the 
calcium ion common to both calcium chloride and calcium 
hydroxide produces a Icirge increase in calcium ion 
concentration and correspondingly decreases the hydroxyl ion 
concentration [6 ]. Berman [6] suggested that sodium chloride of 
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less than 0.003 nolar does not contribute to the solubility 
of calcium hydroxide y but addition of sodium chloride up to 
about 1 molar increases the solubility of calcium hydroxide 
and a minimum of 0,03 molar sodium chloride was found 

necessary to produce active corrosion in reinforced steel. 

H 

He has also reported that there is a decrease in P value 

when sodium chloride is added to the saturated lime solution. 

In contradiction to the above, Gjorv and Vennesland Ct lhave 

stated that as much as 20 % concentration of sodium chloride 

did not reduce the P^ value and they reasoned that the decrease 

in P value as reported by Beiman [6 ] could be due to an 

alkaline error of the P^^ electrcode used. They also suggest. 

H 

that the level of P should never drop below about 11,5 to 

provide good corrosion protection to embedded steel. Hi^er 

H 

the P value, higher the amounts of chlorides that can be 
tolerated. In 1930, Powers and Hammersey [ 8 ] have reported 
a reduction in P^^ value from 13 to 11 when 0,2% sodium chloride 
is added to a<ideous cement extracts. Neville [ 9 ] states 
that the effect o,f sodium chloride on concrete is same as 
that of calcium chloride. But the former is of lower 
intensity and causes depression in heat of hydration, which 
consequently lowers the strength of concrete of age 7 days 


and older 
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An experimenta-1 in'ves'ciga.tion was carried out by 
Smolezyk [10 , 1 1 ] using 40 mm cubes of coiicrete, water 
cured for 10 days and immersed for two years in strong 
solutions of sodium chloride, calcium chloride and 
magnesium chloride, to study the engineering and chemical 
properties of concrete. He found that the destroying t 3 rpe 
of reactions occured in the later two, if concrete contained 
excess of free line, but all the three chemically react with 
concrete. Concrete made writh ordinar:/ portland cement 
containing G^A about ’]2 % , when immersed in saturated 
sodium chloride solution for two years reduced the 
compressive strength to 60 % and 56% for water cement ratios 
0.5 and 0.7 respectively as compared to that of water cured 
concrete. If the C^A is 1 % the corresponding strengths are 
66 % and 56^ respectively. According to Biezok [12 ], 
both sodium chloride and calcium chloride increase uhe 
solubility of tricalcium sulphoaluminate hydrate. Gjorv 
and Yennesla,nd [13] have concluded tha,t the effect of 
water c.'='raent ratio on chloride content in a specimen is 
limited mainly to surface layers and that too, for short 
durations of exposure. Bor longer duration of exposure 
to chloride bearing solutions end penetrations at greater 
depths, water cement ratio has no influence. Chloride ion 
concentrations within the inner layers of concrete depend 
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upon the of cement and ion exchange capacity of the 

matrix system. Midgley and Illston [ 14] investigated with 
water cured concrete cj/'linders (23O mm diameter and 700 mm 
high) immersed in water, sodium chloride of 30,000 and 
1,50,000 ppm concentrations for a period of 6 months. 

Higher the water cement ratio, gre-ater the penetration of 
chloride ions, was observed. The concentration with depth 
followed a power relationship. Smolezyk [10] has studied 
the effect of 3 mol/litre magnesium bhloride solution on a 
concrete made with ordinary portlend cement containing C^A 
12% and 1% . the cubes v/ere immersed for tv\ro years after 
10 days water curing , 3 days water curing and 7 days 

moist curing. The cubes shov/ed deterioration within 4 
months period, and the extent of deterioration was so much > 
no compressive strength test could be conducted for the 
concretes made with high C^A, A concrete cube mede with 
cement having 1 % C^A and 0,7 water cement ratio showed 
some st'rength but very low, that is less than 3 % strength 
of water cured samples of identical nature. ‘Dilute 
magnesium chloride (e.g. 1% ) has no appreciable effect on 
ordinary portland cement [ 15] . Suzuka.wa [I6] studied on 
40x40x160 mm prisms for compressive strength and 25x25x23.6 mm 
prisms for expansion tests, made of cement sand mortar in 
1:2 proportion and water cement ratio 0.6, lormer were made 
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using ordinary portland cement and moderate heat cement. 

The specimens were immersed in magnesium chloride solution 
after 6 days of water curing in 1 , 4 and 25 gms/litre of 
concentrations for 1 , 4 , '13? 26 and 52 weeks. Compressive 
strengths of 84 ? 64 and 47% for mortar made with ordinary 
Portland cemicnt at the immersion of 4, 26 and 52 weeks 
respectively, when immersed in 25 gms/litre concentration 
v;ere observed. Residual strengths of 87, 65 and 53 % were 
observed in case of moderate heat cement in identical 
conditions. 

1 . 2.3 E f fect of Sulpha tes 

Magnesium sulphate on reaction with set cement 
produces magnesium hydroxide which is soluble in water to 
the extent of 0,01 gm/litre and P value of saturated 
solution of magnesium hydroxide [15] is about 10.5. McMillar 
[ 17 ] observed the influence of magnesiimi sulphate and 
sodium sulphate solutions for 5 years on 15 O mm cube ? 
compressive strength behaviour of concrete made with mixes 
having cement content of 390, 307 and 223 kg/m^, and vjater 
cement ratio 0.4? 0,5 and 0,7 respectively for each of ASTM 
type I to Y, 

150 mm cubes of concrete made with ordinary portland 
cement with different mix proportions and water cured for 



13 days v/ere exposed to 5/^ magnesium sulphate [18 ] . A. .loss 
of st’rength 34 i° in 1 :1 :2 concrete with water cement ratio 
0,45 , and 65,67 % in 1:2:4 concrete with ws'uer cement ratio 
0,50 was observed at the end of 30 months immersion, ?/hereas 
a loss of strength of 65 was observed in 1:3:6 concrete 
with water cement ratio 0.7 , when immersed for 20 months. 
Tensile strength of 1 :3 mortar briquettes exposed to 0,75 
molar solution of sodium sulphate increased in the first 
7 or 8 days of exposure and then started decreasing to 
as much as 0.2 Mpa from 1,1 Mpa in 35 days of exposure [19 ] . 
according to Keene [20 ] no definite conclusion could be 
drawn as to the effect of aggregate cement ratio and 
resistance to sulphate attack, but it 'was observed that 
lower mixes appeared to have no less resistance than richer 
ones. On the contraxy, the Cement Research Institute of India’s 
[21 Jreport says that two concrete mixes with water cement 
ratio 0.45 for cement content 330 kg/m^ and water cement 
ratio 0,7 for cement content 260 kg/m^j when water cured for 
45 days and exposed to 3.5?^ SO^ concentration for a period 
of one year, suffered a loss of compressive strength of 3% 
in the former mix and 24% in the later one, 

1.2,4 Seawater o n Concrete 

Concrete cylinders, 75 mm diameter and 150 mm high 

'Z 

made with concreteshaving cement content 593} 356 and 213 kg/m'^ 
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were exposed in the tidal zone of seawater o.t Sdeorness 
and another identical set partially immersed in three times 
the concentration of normal seawater [15] . 'Tidal actions 
were also simulated in the second set of experiments. 
Portland cement showed a variable beha.vior.r which was not 
related to their calculated content of C^A, Concrete made 
with ordinax^r portland cement (C^A content 3 % ) , with 
aggregate cement ratios 2.6 and 5 and corresponding v/ater 
cement ratios of 0,35 and 0,5 showed a gain in compressive 
strengthiiof order 25 % and 7% respectively, when exposed 
to 3 times normOi,! .seawater salt concentration for 10 years. 
But concrete with A/C ratio 9.0 and W/C ratio 0.96 showed 
decrease in compressive strength of the order of 50 % . 
Concrete with ordinary portland cement having 10%C^A and 
having identical mix parameters as above suffered a loss of 
strength rangingfrom SC^to 90 % in 10 years. Hov/ever 
pozzolanic pox'tland blast-furnace and high-alumina cements, 
with a/C ratio 2.6 and 5 showed higher resistcjice to 
direct attack, A 67 'years old plenn concrete blocks 
partially submerged in seawater at LosAngels, made wirh six 
different cements and three different concrete mixes with 
each cement were investigated by Mehta and Haynes [22], 
Dense concretes ma.de with even 14-15 %0jA were in excellent 
condition, but lean concrete showed loss of material and 
was soft and weak. Concrete cubes made with mixes 
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1) y/c ratio 0.45 and cement content 370 kg/m^ and 2) W/G 0.7 
and cement content 270 kg/m^ were iiimiersed in artificial 
seawater for one joar [21 ] . The cubes were water cured for 
4S days before immersion in artificial seawater. A decrease 
in strength of 2^ in mi:x (1 ) and 15% in mix (2) were 
observed. 

1,2.5 Sffect of S ulphur ic Acid on Concrete 

Glenn \filliajn DePuy[ 1 ] investigated the effect 
of sulphuric acid on unimpregnated (UIC) and polymer 
irnpre.gnated concretes (PIC) exposed to 5 % and 15% 
concentration of sulphuric acid and 15 % concentration of 
hydrochloric acid. A concre'te made with a cement content 
307 kg/m^ of Type II port land cement, with W/O ratio 0.51 
and 6 % entrained air v;as used in the inves'-iigation, A 
loss of weight of 25%v>ras observed in 105 days when exposed 
to 15% hydrochloric acid, in 49 and 210 days when exposed 
to 15% and 5 % concentrations of sulpnuric acid respectively. 
A deterioration rate of 1.74 and 1.6 respectively on weight 
and compressive strength when exposed to 5% concentration 
of sulphuric acid was reported. Pukuchi and Ohams [ 23 ] 
have investigated the resistance of autoclaved (aC) and 
polymer impregnated autoclaved (PIAO) concrete exposed to 
sulphuric acid. It wras found that the chemical resistance 
is in following order from good to bad: PIAC, A3 and water 
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cured concrete ► Tiie superior chemical resistance of PIAC 
is due to the impregn;,.t ion of autoclo.ved concrete with 
chemically resistant pol3raaer. Hughes and G-uest [2-1- ] have 
investigated the rel8,tive ra,te of damage of limestone 
agrregate and siliceous gravelstone aggregate concretes 
exposed to sulphuric acid of concentrations 0,0016% to 
0.02% , fhe eoncrete surface remained smooth throughout 
the erosion process in the former concrete end irregulan 
surface was formed in the later one. The acid consumption 
was 4 to 5 times greater for the limestone concrete. 


1 . 2.6 


Mathematical Modelling 


of Deterioration of Concrete 


Clenn Williaixt DePuy [ 1 ]has developed durability 
indices: deterioration rate (R), deterioration index and 
performance index, using the test results 02?^ weight loss, 
compressive strength, pulse velocity, and dynamic modulus 
of elasticity. 

% retention of impregnated concrete 

1) Deterioration rate = - — *■ - • • - — — — — 

% retention of unimp re gna,ted concrete 

= R (1.1) 

R^, is the deterioration rate of the parameter 'f (weight). 
Similarly, suffix s for compressive strength, v for pulse 
velocity and e for dynamic modulus of elasticity were used. 
Ihese rates indicate the relative rate of deterioration 
for PIC as compared to that of UIO according to each 



measurement. Deterioration index is so combined tlaat if one 
material consistently gives poor performa.nce over tlie other 
in all tests, vhe difference is exaggerated, therefore 
the deterioration index is the product of all the four 
deterioration rates, ihe performance index combines the 
relative rates of deterioration (based on two measurements) 
with a comparison of the strength of the materials (based 
on two different measurements) after exposure. 

( 1 . 2 ) 


Si 

Performance Index = R 

w V a 


where S is for strength, E is for dynainic modulus of 
elasticity, and subscript i for impregnated concrete and 
u for unimpregnated concrete, 

Hiroshi Seki C 2 ] started with deterioration index (D^) as : 
= f(lvh, M. , P^, A , H, S, P) 

jL Cc» O 

and reduced to 


D^, = IL H S P (1.5) 

1 a (j 

with few assumptions. 

where M_, M. and P„ for quality and quantity of cement and 
aggregates used 

BX - factor regarding method of mixing, casting and 
curing of concrete 
A - age of concrete.- 

natural conditions relating to temperature, nature 
of exposure and freezing and thawing 


BT,S and P 
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P v/ater cement ratio, and 
& unit v/eight of cement. 

Since the data is inadequate for estimating the coefficients, 
another equation given below, is suggested which incorporates 
the observed field data. 


D 


f 


^ (field observation + avereige depth of neutralization) 

2 ^ - - »— r . > 

2 

(specific weight +coef.ticient of water absorption ) 


3 


concrete st'renarth 

] 

3 


(1.4) 


He found that the reciprocal of Dj? has nearly linear 
relationship with cement water ratio, means that cement- 
water ratio mainly influences the deterioration of concrete. 

= K P where £ is a constant (1.5) 

According to Browne and Baker [3] the design life should 
be more then t^(x) + t 2 (x) , where x is a point of 
significance, t.| is the time taken for the penetration of 
marine environment to point of interest within the concrete, 
and t 2 is the time taken for a material significance to the 
structure to take place at the point. Bazant [4,5 ] started 
with Nernst's equation for determining the electrode 
■potential ('3.0 ). This electrode potential is used in 
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estimating the rate oi rust production per unit area of 
plane at x = L where 1 is cover thickness. If 

critical time (t^p) at which corrosion would produce cracks 
through the whole cover is: 


cr 


'^cor 


( 1 . 6 ) 


where tp •• time of depassivation and t^^p 'r duration of 
steady state corrosion. 


1 L 2 

t = - ) 

12 Cq 1_f(u*/u®) 
D./ID 

t = P 

cor ’• cor Cl • 

s 


Where 


C„ - coefficient of diffusion of chloride ions 

u •*“ c‘ci“cical Ciiloriae ion concen'G3:a/Gion 
c 

s 

u^ - concentration of chloride ions in pores of 


concrete at the surface 



3.6 gm/ cm 


2 


D - diameter of the bar 

/I Tj - increase in diateter of the bar due to rust and 
S - spacing of bars. 


Browne [ 25 ] suggests an equation of the type given below 
for estimating the depth of penetration of chloride ion 
into the concrete in a given time 
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v/htre 





erf 


C. [ 1 - erf ( ■ . ■ - ) ] 


2f(D^t) 


(1.7) 


the c-iloridG level at distccice x after 
time t, for an equilibrium chloride level 
at the surface 

the chloride diffusion coefficient and 
error function. 


If representative values of and 0_ for different site 

o o 


conditions and concrete mixes are knov/n, the cover required 


to prevent activation of the reinforcement for a specific 
life can be determined, Sinso Niohiyabashi et al. [ 26 ] 
suggested two seawater resistance factors: 


S'DS' ( 1 ) = np / m ( 1 . B ) 

SBI'(2) = (np / hn ) 100 (l.9) 


where P — relative d 5 mamic modulus of elasticity = RE |5 


m = 200 cycles 

n - number of cycles at REp of 60% (200 cycles, 
if Rj% < 60% ) and 
1 — length change . 

Pranesh and Sudarsan [27] have proposed a mathematical 
model of the form 


dc 

dt 


5 

+ Z 
i=1 


b . X - 
1 1 


( 1 . 10 ) 
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dc 

where •rT ^ corrosion rate , and b. are resression 
coefficients and are parameters involved in the corrosion 

phenomenon ncmely 1 ) duration of exposure of the material 

(days), 2) oxyyen content (ml/l), 3) temperature (°0), 

4) vsloci'jy (m/sec) and 5) salinity (ppt) respectively. 

1.2.7 P ^ 1 ^ Stic Mo d_el f o r S tr er^'^ 

the sta.tistical data on rhe ultimate compressive 

strength of concrete is reported by Jullian [28] . 

Chandrasekliar [29 ] has analyzed number of sets of field 

data axid found that the probability of failure of concrete 

2 

cube is about 0.12 for the strength ranging from 35 N/mm 
2 

to 50 'fi/rm and rhe individual variation of the strength 
from the mean value is + "'O^ . i. coefficient of variation 
of 10% for excellent control}., 15^ for good control and 20% 
for poor control [30] can be taken for compressive strength 
of concrete. It is also suggested that normal distribution 
can be assumed, though the strength fits be-'jter in lognormal 
when the coefficient of variation is higher (15-20% ). Mirza 
and MacG-regor [ 3 I ] have reviewed the variations in the 
location of reinforcing bars in slabs, beams and columns 
and found that normal distribution fits the data. Ihey 
analyzed the results of about 4000 published and unpublished 
test results on deformed reinforced bars [52] . A coefficient 
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of variation of 10 . 7 % for grade 40 , 9 * 3 % for grade 60 bars 
in mill test yi-^'ld strength and 13 . 4 % in static yield 
s'crength is reported by them, 

Zsutt^r [33 ] presented a prediction equation for 
ultimate moment of under-reinforced concrete beams and 
discussed the sensitivity of the equation to various beam 
properties. Preliminary values for the coefficient of 
variation for in-place properties are given. Phis 
prediction equation allows inclusion of workmanship error 
in the variance of the strength prediction. Probability 
distribution for the strength of reinforced concrete 
beams with and without compression reinforcement is presented 
by Gastello and Ghu [34 ] . Phe fa,ilure probability depends 
upon the tj'pe of distributions observed for strength and 
stress. This sensitivity has been numerically illustrated 
by Jorgensen [35] and Ang and Min [3*5, 37] . To avoid 
this sensitivity problem, number of engineering solutions 
have been proposed for dtr'crmining tho safetj?" factors. 
Different people have used dJ-ff erent criteria , Gornell [ 33 ] 
has considered only mean values • .nd variances of the random 
variables v/i-';hout explicitly stating the failure probability. 
Gornell [ 38 ] and ?v.osenblueth [39] have prescribed an 
exponential relationship between the failure probability 
and the normc-lized safety index. Ang [36 ] specifies a 
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probabilis'&ic trea-tment of statistical variabilities of 
information and handling of a problem through judgement 
factors where the information is lacking, 

1.2,8 S true tur 

iTumber of researchers have worked on the concept 
of safety factor or safety inde:x, using the probability 
of failure which indicates the expected varia-tions of stress 
and strength. Freudenthal [ 4-0 ] in 1956 presented the 
procedure for the numerical evaluation of factor of safety. 
Similarly, Pugsley [41 ] in 1957, Asplund [42 ] in 1958, 

Brown [43] in I960, Brooding et al. [44] in 1964, Preudenthal 
et al. [ 45 ] in 1966, Cornell [46 ] in 1967, Ang and Min [47] 
in 1968 , Cornell [38] , in 1969 , Lind [ 48 Jin 1971 , Ang 
and Cornell [49] in 1974, Sengupta and Bayaratnam [ 50] in 
1979 , and Ellingwood [51 ] in 1982 have worked on the concept of 
safety factor. Some authors [ 44, 45 ] have emphasized the 
need to correlate the safety factor with reliability or 
probabilii;y of failure. The second moment theory was 
developed by Cornell in 1969. The second moment safety 
index P is defined as [43, 52] central sa.fety factor minus 
one divided by coefficient of variation of safety factor. 
Veheziano [53 ] claimed that P has number of limitations. 

So a new index y > a function of Chebysheff upper-bound 

to probability of failure was proposed. Using y , he has 
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Hade relaibility comparisons between cases with the same 
but with different safety regions. 

1,2.9 Probabili^stic Design and Deci^on . Theory 

Benjamin [54 ] in 1963, Moses and Stevenson [ 55 ] 
in 1970 , Ang [56] in 1973 > Mayasaudra et al. [57] in 1974> 
Ellingwood and Ang [58] in 1974 ? Ang and Cornell [49 ] in- 
197 4? Bind [59] in 1977 , and Ellingwood [ 60 ] in 1979 have 
worked on risk analysis and reliability/ based design. Moses 
and Kinser [61] , Moses and Stevenson [ 55 ] , Chandrasekhar [29 ]j 
Murotsu et al, [62] , Rosenblueth [63 ] ajid Rao [ 64 ]have 
considered the reliability as a constraint for optimizing 
the structural design. Allen [65 ] summarized the results 
of a probabilistic study of ultimate moment and ductility 
ratio of reinforced concrete members. He found that the 
expected ultimate moment in practice increases with the 
thickness of the member or higher the steel ratio. Monnier 
and Sciimala [66] discussed the probability of failure of a 
box beam. Using the statistical data, either derived from 
tests or assumed, the external moment and moment of resistance 
are generated by Monte Cai‘lo simulation technique and ;he 
probability of failure is calculated, 

Pliroyuki and Takeshi [ 67 ] have presented the method 
of estimating the reliability of deteriorating structures. 
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They have considered the resistance deterioration model 
and non-failure effect model. If a member ha..s survived 
first load, then the corresponding left hand side tail of 
the probability distribution curve \?ill be cut off. 

Similarly, as the member keeps on surviving the sequence of 
loads, correspondingly the left hand side tail of the 
distribution function also ke^ps on cutting off. They have 
also considered the case of estimating the failure probability 
if the future load distribution is Imown. 

S exsmith [ 63 ] worked on reliability based ana-lysis 
of concrete structures. By assuming a generalized beta 
probability law for the under strength parameters, the 
parameters of the distributions were derived by making 
use of the experimental data through the Baye's rule. 

Benjamin [ 69, 54 ] Cornell [70 ] and Madsen and Lind [71 ] 
have investigated the application of Bayesian decision 
anv.lysis to structural design. 

1 . 3 S;fca 1 ^e_men'^ _o_,f , tiie_ Problem 

The present investigation is divided into two 
aspects, Pirst one is on deterioration of concrete under 
sulphuric acid environment and to establish possible indices, 
w;-hich can be used in design. The second one is a study 
on probabilistic behaviour of exposed and unexposed beams. 
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literature on both the aspects is reviewed . To the extent 
possible, literature availa,ble at this Institute in english 
language is reviewed. Hov/ever much emphasis has been given 
for the work done during the last decade. Kawadkar [72] 
has done elaborate literature review on durability of 
concrete v/ith more emphasis on the effect of marine 
environment on concrete. S'reudenthal et al. [73] have 
reviewed the state of art on structural safety and analysis 
upto 1964 , Task committee on structural safety [74] has 
given exhaustive literature covering upto 1972, which deals 
on the distribution of loads, strength, dynamic structural 
analysis and structural reliability analysis and design 
aspects. 

The chemistry of cement, foimation of cement 
compounds, hydration of cement and heat of hydration are 
reviewed. The effect of salts and acids on hydreited 
compounds are discussed. The stoichiometrical relations 
of some salts and acids with hydrated compounds are alco 
presented. Using those stoichiometrical relations ,an 
estimate of the amount of a particular chemics-l required 
for saturated reaction with one kilolTewton of cement is done. 

An experimental investigation was carried out oo 
estimate the deterioration of concrete exposed to sulphuric 
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acid under different concentrations. Concrete with 
aggregate cement ratio 4.5 , v/ater cement ratio 0.45 and 
water cured for different ages v/ere stored in sulphuric 
acid solution of 0.1 , 1 % and 5 % concentrations. 

Constant concentration was maintained by adding the 
depleted araount of acid at regular and shorter intervals. 

The acid consumed by concrete with time was measured. 

Changes in vreight and strength of acid exposed concrete, 
water saturated concrete and air dried concrete v/ere measured 
at regulan intervals. Depth of deterioration of concrete 
was also measured. Equations for estimating the araount 
of acid consumed in a given time and concentration, strength 
reduction factor, 'weight reduction factor, depth of 
penetration of acid, coefficient of variation (COT) of 
strength are established. 

The rate of decrease of mument of resistance with 
the acio.unt of acid consumed was determined. This moment 
of resistance is normalized wi'th the moment of resistance 
of unexposod beam v/ith same properties. This is studied 
for fy 250, 415 and 500 ll/nm and the corresponding maximum 
percenta,ge of tension reinforcement. If the coefficient of 
variation of individual variables is specified, the procedure 
for estimating the coefficient of variation of moment of 
resistance is presented. Eigures are drawn to obtain the 
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ratio of moment of resistance to external moment for a 
specified probability^ of failure and variations in external 
moment and moment of resistance. 'Ihen the ratio of moment 
of resist^nice to external moment is calculated for a given 
statistical variation of loadings and s tcength and 
preassigned probability of failure , it is rational to 
proportion the member y/ithout considering xhe partial 
safety factors for strengths and load fan tor for external 
moment. So the desini procedure and charts are presented 
ill Appendix B. The chairts cover the range fy. 250, 4-15 and 
500 N/mm aiid f^j^ - 20 iJ/nan , The minimum cover requirement 
is checked using the equation for depth of penetration of acid. 
Similarly, life of an existing member when exposed to 
sulphuric acid i.5 estimated from cover thickness point of 
view. The variation of cost of beam with probability of 
failure is studied through an example. 

A procedure for estimating the revised probability 
of failure of a member using the data that it has survived 
for some years with piaobability of failure zero, is presented, 
four examples are considered. The beam is subjected to 
probabilistic load and probabilistic strength and designed to 
survive for 50 years. The four cases are: I) the probability 
of failure is constant with time, 2) probability of failure 
is constant for the first 20 years, and then inezeeases due to 
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sudden decrease in moment of resistance by 20 due to 
reduction in concrete strength, or cracking of a beam, flie 
probability of failure is constant with time beyond 20 year 
period, 3) case three is similar to case tv.o except the load 
increases by 20% instead of reduction in moment of resistance, 
and 4) time dependent deterioration of the concrete is 
considered, which causes the continuous reduction in moment 
of resistance. So there will be an increase in probability 
of failure every year. A coefficient of variation of 0.1 for 
external moment, 0.1 for strength of concrete and 0.05 for 
yield strength of steel are used. In case of strength 
deterioration of concrete the coefficient of variation 
is calculated for each case separately. The effect of 
survival for the first 10 years, 20 years, 30 years and 
40 years period on the cumulative probability of failure 
at 50 years is studied through illustrative examples. The 
results are tebulated. The hazard rate, reliability and 
cumulative probability of failure of a deteriorating member 
are calculated for a beam taken up in case four. 



CHAPTER II 


KII^TIGS OR RSAGTIOI'IS 

2,1 

The chap Ger prasenxs chemistry relevant to cement, 
hydration of cement paste and effect of various chemicals 
on hydrated compounds. Deterioration of strength of concrete 
due to chemical attack is one of the factors affecting the 
durability of concrete. Attack of acids and salts on 
hydrated cement paste and corrosion of reinforced steel 
are the major fa-ctors which contribute to the deterioration. 
The influence of alkali - aggregate or alkali - silicate or 
alkali - carbonate reaction is rela,tively less significant 
in most of the concretes, unless otherwise the use of 
reactive type of aggretates in concrete can not be avoided. 
The raw materials for cement making, extraction of various 
oxides from the raw materials, compound formation, estimation 
of compound composition using Bogue's equations and Russian 
method and hydration of cement compounds are also discussed. 
The stoichiometrical relations of various chemicals with the 
hydrated cement compounds are presented. A discussion on 
mechsnism of reinforced steel is also detailed. 
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2,2 Basic Mater i al s an d Produ cts of Cement 


Cement is made from chalk or lime stone and clay 
or shale. These two contain lime, silica and alumina, which 
are ' the essential ingredients of portland csment. The 
ma.jor chemical constituents of cement are lime (CaO), 
silica (Si02)> alumina (iU.205)> iron oxide and gypsum 
(CaSO^. 2H2O) . Magnesia (MgO) and alkalis of low percent 
are also present [ 75] . 

Lime stone (OaCO^) when heated to about 1000°C, 
drives off carbon dioxide and forms calcium oxide [76] , 


CaCO^ + Heat Cao + 00 2 -I' 


( 2 . 1 ) 


Silicon dioxide or silica is derived from " , clay or: shale. 

It is also available in nature in the pure crystalline form 
as quartz and amorphous form as opal. Quartz is a stable 
form of silica. It takes transformations from low qua.rtz 
to cristobalite, when heated upto 1470°C [15] . Alumina 
(1120^) which is also called as alutaina sssquioxide, is 
available in the form of gybsite or hydrorgalite ^ 

diaspore (Al20^,H20) and boehnite or bauxite (Al20^, TH^O) , 

It also occurs combined with silica in clays [76] , The three 
forms of hydrated ferric oxide are oc, P aindY[77] . P form 
has not been found in nature, but can be produced from ferric 
chloride solutions. The a and y forms occur in nature as 
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geothi'ce and lepidocrocide respectively* The most important 
iron ore is hematite (Fe 20 ^) and its hydrated form is 
limonite (S'e 20 ^,HpO) . 

Gypsrm, a hydrated calcium sulphate (CaS 0 ^_, 2 H 20 )> 
is naturally available. If dehydrated at 205°0 it becomes 
anhydrite, which also occurs in nature [ 76 ] . The anhydrite 
is added to cement as a retarder to control the time of set 
of cement. In chemical analysis of cement this is reflected 
as sulphuric anhydrite (SO^). Other retarders are, excess 
of Ca( 0 H )2 or mixture of Ca( 0 E )2 and GaSO^ which infact 
acts as a very good retarder, or 

calcium sulphate or calcium iodide or sodium carbonate and 
sodium silicate solutions. J?errous oxide (PeO) is also 
present in portland cement ranging from traces: to 0.4-^ [15] • 

Magnesia or periclase is derived from magnesium 
carbonate. Mineral magnesite (MgCO^) and mineral dolamite 
(Ca}i[g(C0^)2 or GaGO^. MgCO^) occur.- naturally. 'The magnesia 
is found to react with aggregates in concrete and causes 
disintegration, and hence affects the strength of concrete 
[ 15 ] . So the magnesia content in a finished cement is 
limited to a specified value. The IS 269 - 1967 specifies 
a maximum of six percent in ordinary, rapid hardening and 
low heat cements. IS 455 - 1967 suggests a maximum of 
eight percent for blast-furnace slag cement. IS 1489 - 1967 
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specifies six percent for portlend pozzolaiia cement and 
IS 6909 - 1973 specifies a maximum of ten percent for super- 
sulphate cement, Nothing has been specified for high 
alumina cement. 

Nothing is knov/n about the reactions of the alkali 
compounds in cement making and cement hydra.tion process, 
even though 1 ^ 2 ® a.nd K 2 O are often present in cement in very 
small quantities. 

When lime and silica, are heated together, four 
distinct compounds can fom : 1 ) metasilicate(Cao,Si 02 )} 

2 ) the compound (3Ga0,2Si02) » 3) ortiiO3ilicate(2Cao,Si02) 
and 4 ) the compound 3Ca0.Si02* Out of these four compounds, 
only ortho silic3.te and compound 3 Ga 0 ,Si 02 are pi'esent in 
cements. Orthosilicate exists in four forms i a..2Ga0,Si02j 
a’ 2 Ca 0 .Si 02 , P 2 Ca 0 .Si 02 and Y 20 aO.Si 02 . « 2 Ca 0 .Si 02 is 

stable above 1420° - 1447°G and changes reversibly to 
a* 2 Ca 0 .Si 02 foim on cooling, a' 2 Ca 0 .Si 02 is stable at 
800°- 1447°G and inverts to § form at 650° - 675°C. p2GaO,SiO 
further inverts to Y 2aa0.Si02 at 675°0, But at the rates of 
cooling of commerical cements P form is preserved in the 
cliiiker, and it forms round grains or crystals v;ith 
polysynthetic twinning. The pure compound of tricalcium 



29 


V ^ p Ciolid state reaction 

sillc.e (3Ca0.S10,) is fo^ed V ^ 

OaO a»a eCaO.SdO, a.o.e 0 

If the cooling rate la not too si , 

- 1 = -stable at o-odlnary tsmpee»tuio. 

remalnsunohangea ana llq^uid [18] . 

.hove « 00 °C it »elts inoongruently to Ce. and 1 1 

Ihere are four stable compounds in OaO.Al^ 5 

^ n A on 0 -r a^d O&O 
A1 0,, 0a0.Al203J Ga0.n.Al2 3 
syatem: 30 a 0 .ia 2 5 , ^ ^ 

out of these four, on y . J ^ eonstituent 

cement and rest all are press (c U?) ie 

„ — .—*• ,. .. . 

0,^11 o-in. 0 - from CoS' to 

a solid solution rahsihs 2 ^ ,5] . 

f V, -^ H-v-ni-Pies tire composition ox 
compound but tyP - ... , compounds 

. ,.21 illustrates the formation 0 ., comp 

Pigur • onnds are formed within 

temperatures. The compounds ca:e 
at various ^ 01 

the temperature range 0 

A iro 0 and 2Ga0.bi<J2 

'303.0,^2^3^ 4 -OaO.Al 2 3 ‘-^ 2 3 forms tn 

^ 2 3 . „00° - 1200 Only 30a0.SiU2 

temperature range of 1100 

^ iono° - 1450 C, 

the raoige of 1200 

’ -nn n-p Gompouiids Pt. 

2.4 astimK---^..- 2Ca0.Si02(02S), 

Ihe oompounas 3a.. 2 ^^ 3^ estimated 

f-i n (g a) and 4GaO.Al2®3* -®2 3 

30^0.13-205(03 > ..... in oxide analysis of cement, 

from the quantities oboaine ^ pi^-thodL 79 ] . 

..r 15 1 equations and Russian meuhodL 
using Rogue 'sL 13 J ®'i'" 




FIG. 2.1 BLOCK DIAGRAM OF COMPOUND FORM AT iON AT 
VARIOUS TEMPERATURES [15] 
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Bo,^e 's Squat ions 


C^S = 4.071 OaO - 7.6 SiOg - 6.718 AlgO^ - 1.43 2.852 SO^ 


( 2 . 2 ) 

(2.3) 

(2.4) 

(2.5) 


C 2 S = 2.867 SiOg - 0.754 C^S 
G^A = 2.650 Al20^- 1.692 2’e20^ 

C^A? = 5.043 Se20^ 

As per ASTM 0150, the above equations are recoiumended for 
Al20j/5'e20j ratio greater than or equal to O. 64 . If the 
ratio is less than 0.64, C^A does not exist , in cement and 
calcium alumino ferrite solid solution (O^^AP + C 2 I') may form. 
So in the modified equation for C^AP, the presence of O 2 - is 
included . 


C^S = 4.071 GaO -7.6 Si 02 - 4.479 AI 2 O 3 

~ 2.359 P 32 O 3 - : 


(2.6) 

CgS = 2.867 Si02 “ 0.7544 C^S 

(2.7) 

O3A = 0 

(2,8) 

O^AP = 2,10 AI 2 O 3 + 1.702 ^© 2^3 

(2.9) 

Russ^^ian Mej'qhoji 


GaO - (1.65 AI 2 O 3 + 0.35 Pe 203 ) 

( 2 . 10 ) 

2«8 SXO 2 



C 3 S = 3.3 3102 (5KS2;-2) ( 2 . 11 ) 
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G2S = 

8.6 Si 02 ( 1 -KSg-) 

(2.12) 

C^A = 

2,65 (A120^ <r 0,64 ^028-2;) 

(2.13) 

C^^iP = 

3.04 Pe20^ 

(2.14) 


Ranges of compound composition for ordinary?- and rapid 
hardening portland cements [ 80 ] are : 

Ordinary Portland Cement (avg. of 21 samples): 


C 5 S 

42 - 

67 % 

with 

an 

av£;rage 

of 

49 % 

C 2 S 

S - 

31 1° 

with 

an 

average 

of 

25 % 

G^A 

5 - 

1 4 % 

with 

ail 

average 

of 

12 % 

G 4 AP 

6 - 

■\z% 

Vxmth 

an 

average 

of 

8 io 

CaSO^ 

2 « 

3 . 4 % with 

an 

average 

of 

2.9 % 


Rapid Hardening Portland Cement (Avg. of 5 samples): 


C 3 S 

34 

- 70 io 

with 

an average 

of 56 % 


C 2 S 

0 

-38% 

with 

an average 

of 15 % 


C 3 A 

7 

- 17 % 

with 

an average 

of 12% 



6 

- 10% 

with 

an ave,rage 

of 8% 


CaSO^ 

2.2 

- 4 . 6 % 

v/ith 

an average 

of 3.9 % 


TABLE 

2.1 

: TIPICAL OXIDE GOMPOSITIOH OP CEMT [81 ] 

Oxide 

CaO 

Si02 

AI2O3 

Pe 203 MgO 

X 2 O 1^28 

SO 3 

Weivht 
io ^ 

63 

22 

6 

2.5 2.6 

0.6 0,3 

2.0 



J ^ 


Using equations(2.2)to(2. 14 ) and the data in Uable 2,1 
compound composition of the above cement can be calculated. 
They are tabulated in Table 2.2. 

TABLE 2.2 : GOilPOUI© GO.vIF'OSITIOF EOR THE GEMEHT G-IYEH 
lU TABLE 2.1 


Gompound 



Method 



Bogue 

Russian 

G^S 

40 

I 0 

“ 46 

% 

G2'3 

33 

% 

23 


G 3 A 

12 

% 

12 

% 

g^ae 

3 

% 

8 

% 


* Al20^/Ee20-:^ > 0,64 > hence equaitions (2.2) - (2.5) 

^ 'rjore used. 

+ KSjr = 0.85 

2.5 Hydration of Oement 

If wa.ter is added to cemnnt many compl 0 :i cheraical 
changes take place. Lochatlier [9] about 100 years ago, 
was first to observe that the hydration of individual 
compounds of cement is chemicall3r same as that of the 
hydration of cement under similar conditions. Later, 
Steinour[ 82 ] and Bogue et al.[83] confirmed the above 
observation. 
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The rate of hydration of the compounds in the early 
Silages follows > C^S > > 023* C':^S rsiiccs very fast, 

G-ypsura or any other retarder is added to control the early 
reactions of C-A and retard the process of hardening. 

Otherwise, without any retarder, C^A rCctCtS f a.st and flash 
set would occur leaving the product unusable. It has been 
observed that ettringite (high sulphate form) or rnoiio- 
so-lphoaluminate (low sulphate form) or hydrogarnet occurs 
for different volucs of GaSO^;, . SHgO/C^A molar ratios [31 ] , 

If the above molar ra.tio is 3.0 ettringite foA.ms: 

30a0.Al203.30aS0^l_ + (30-32)H20 - 3CaO. AI2O5. 3GaS0^. (30-32)H20 

(2.15) 

If the ratio is 1.0 monosulphoaluminate f oms : 

3 Ca0.Al20^.CaS0^+12H20 - 3CaO. Al20^.CaS0^. 1 2H2O (2.16) 

If the ratio is 0 hydrogarnet forms : 

3CaO,A]l.203 + 6Ii20 -> 30aO..U203. (2.17) 

If SO3 is used up early in the course of reactions, the 
ettringite starts reacting further v.'ith G^A and transforms 
to low sulphate or monosulphate form. In such cases a 
solid solution between lOaO. Al203.CaS0^. 1 2H2O s.nd 4GaO.Al2O3.i3H 
f orms : 

4Ca0.Al203«0aS0^.12H20 + 3CaO.Al203 + aa(0E)2 + 1 2 H 2 O - 
2(5Ga0.Al203(GaS0^,Ca.(0H)2) 12 H 2 O) 


(2.18) 
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With time the calciiim sulphoaluminate converts to crys'^'^'is 
of 4 GaO. Al20^. 1 2H2O [ 84 ] first and later changes to the 
cubic form 3Ca,0.1l20^.6H20 (hydrogarnet). Hydrogarnet is 
a probable stable form of calcium aluaiiiate hydrate, which 
exists in hydrated cement paste [ 9 ] . 

Yrtien mono sulphoaluminate brought into contact with 
sulphate ions, ettringite will form. This is the basis for 
sulphate attack of concretes when exposed to an external 
supply of sulphate ions. 

The contributes little to any significant 

behaviour of cement. The straight f02?ward hydration of 

is in doubt, but the following h.a.3 been suggested by 
Illston et al. [75] . 

4 CaO. AI2O3 . i'e 20^+2Ca (OH ) 2+I OH 2O - 3 GaO . ill 20 ^ . 6 H 20 + 3 GaO . ^620^ . 

( 2 . 19 ) 

The hydration of dicalcium silicate and tricalcium 
silicate are as follows : 

2 ( 3 Ga 0 .Si 02 )+ 6 H 20 - 3 Ca 0 . 2 Si 02 . 3 H 20 + 3 Ga( 0 H )2 (2.20) ; 

2(2Ga0,Si02)+4H20 ^ 3Ga0.2Si02.3H20+ Ga(0H)2 (2.21) ! 

The final hydrated form of both the silicates is same except ' 
in the formation of Ga(0H)2» If . the same quantity of G^S 
and G2S are hydrated, the lime produced in the hydration of ; 
G^S is about twice as much as produced in C2S. G^S reacts 
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fast and contributes for initial strength development, 

O 2 S reacts little slow 0011 contributes for l.--ter age strength 
development. The calcium silicate hydrate (3Ca0,2Si02»3H20) 
fonme the bulk cf the h 3 ;'drated compounds. This is also 
known as tobermite gel. During the forraa,tion of gel, slight 
increase in volu'ne takes place, which is directly proportional 
to the development of strength at all ages. Due to liberation 
of Ga( 0 H )2 during hydration, the of setting cement 
increases [ 75] . 

2 , 6 Hea;b_^ of Hydr ation 0 ^ 


During the hydration of cement compounds, heat 
upto 120 cal/gm (502 J/.gm) is liberated. This is exothermic 
like many other chemical reactions. lerch and Bogue [ 85] 
reported the heat of hydra.tion of pure compounds a,s : 


TABLE 2.3 : HEAT OE HIDRATIOh OE CEiilEHT GOS^IPOUIIDS 


C_s 

3 

C 2 S 

C3A 

O 4 AE 

120 

62 

207 

100 cal/gm 

502 

259 

866 

41 8 J/gm 


The heat of hydra.tion of cement varies with curing 
temperature, compound composition and age. lerch and 
Eord [ 86 ] found the heat of hydration of cement developed 
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72 .ours at ai«etent te.petatu.ea: 12 s-pl- of 
I were tested, fho heat evolved was 3 . - - 

^ . ,o„ « n ual/w (284- J/S») at 24 0,73. S oax/o 

(155 j/gm) at 4 0, 68.0 cai/ou. 

, ,0 q 30.0 oal/gm (335 J/g>t) a'- “V- ^ • 

(309 J/gra) O'. o2 G , 80. 

, Ill were -tes'oed. ii^e 

Sim.ila3:ly 4 saiiipleb j- f-zAO j/ffu.) a"^ 

./ - fp?1 J/<ve) at 4°C,S3.2 oal/gm (34u J/gmJ a 

Tias 52.9 oal/gm - o„ , cs o cal/™ (390 j/gm) 

/ t/p-i') at 32 C and 93.2 cax/^oi^ 

24°C, 85.2 oal/grt (357 u/gm) at o 

-ni'onosed "by Y/oods et ci.l,L87J 
a-t 41°G. 4ii equation was pioposv.a y 

Of the t^e given holcw for oaloulatlng the heat of 

hydration of 1 gm oement. 

156(053) 4 62(038) t 200(03^) t30 (C^Af) 

1 .i.cxre= in breokets denote the percentage by wei.ght of 
, xlie X to - c-^'ment. Sidney kmdess 

the inaividual compounds present in 0- - 

heat eyolved au 

Ot al. [ 81 ] proposed eguations lor 

three days and one year 1- /= -- , ,,1 

„ = 240(03S)t50(03S)t380(03A)t290(C,Af) (2- 

h' = 4S0(=5S)t225(02S)t1160(C3A)t375 ( 04-) 

year ^ 

, Foster [88]baye shown the variation of avexa-ae 
Yerbook and L ,^.ioally. Oonslstantly the 

heat o<> hydration with age graphically , . , y 

■ „ in the order type lY, type Y, 

heat of hydration increases m the 

_ x.,rrvp III at all ages, 
type II, typo I 
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2.7 Gorrosion of^ Co ncret e 

Corrcosion may b:; defined as the dos iructive attack 
of external aggressive media, which affects the durability 
of concrete. The various fac;c2:s which cause the destructive 
actions are grouped into three catego'jies : 

1 ) Physica.1 factors like, temperature variations, 

freezing and thawing, wetting and dr 3 /'ing, Vvear end abrasion etc. 

2) Chemical factors like acids (dissolving attack), salts 
(swelling attack), corrosion of reinforced steel, alkali- 
aggregate reaction etc. and 

3) Biological factors like, microorganisms, fungi, 
algae, marine animals, insects etc. 

Ihe factors may act independently or in combination,:. ; 
The chemical factors are the important factors . which cause 
accelerated deterioration of plain, reinforced and prestressed 
concrete. Deterioration of concrete may take place due to 
corrosion of hardened cement paste in concrete or due to 
corrosion of reinforced steel or due to alkali aggregate 
or alkali-silicate or alkali-carbonate rea.ction. 

Theoretically only about 30% of water by weight of 
cement is req.uired for complete hydration of cement compounds 
The excess water added will collect in the capillary pores oj 
concrete as a solution of calcium hydroxide. If the water 
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cement ratio is more, the conrete is more porous and hence 
the deterioration is also more. 

The deterioration of concrete due to chemical 

corrosion can be either dissolving attack or svvelling 

attack. Strong mineral acids like h 3 ;-dro chloric a,cid , 

sulphuric acid and nitric acid dissolve all the components 

of set cement. Weak acids like carbonic acid forms water 

soluble compounds, so the attack is at slower rate and takes 

very long time for considerable damage. Organic acids like 

lactic acid, acetic acid or citric acid softens the concrete, 

DIN 4030 [ 89 ] specifies a range of values for different 

H 

degrees of acid attack. P value less than 4.5 has a very 
strong attack, between 4.5 and 5.5 a strong attack and 
between 5.5 - 6.5 a weaic attack. 

If strong acids act on cement paste, calcium, 
aluminium, and iron salts and silica gel will f orm [ 89 ] . 

The typical reaction of hydrochloric acid on tricalcium 
disilicate hydrate is: 

3 CaO. 2 SiO 2 . 5 H 2 O + 6 IICl - 3CaCl2 + 2Si02 + 6 H 2 O (2.25) 

Calcium chloride thus formed is highly soluble. 

The reactions of sulphuric a,cid with different hydrated 
cement compounds are: 

- 3CaS0^ + 2(Si02.3H20) (2.26) 


3GaO.2SiO2.3H2O + 3 H 2 S 0 ^ 
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( 2.27 


"7 N 
) 


Ga(0H)2 + -^2^°4 G^S0^.2H20 

. n + 6H SO -* 3(CaS0^.2H20)+-^'^2'^^^4^3^^'^2^ 

3CaO.?e203.6il20 + 6 H 2 SO 4 . 

n n + 6F SO - 3(CaS0, .2H20)+4l2(304-^3^^^2° 

3CaO.Al2O3.6H2O ^ 6^^2"04 ^ (2.29) 

^ orj n+fiH so 4(CaS0/ .2H20)+Al2(00^)3 

3Ca0.Al203.CaS0^.12ii20+6H^S0^ 4^ 4 ^ 

■+ IOH2O 

3Ca0.ia,0,.3CaS0,. (,0-32)H,0 . 6H,S0, - 6(OaSO,.ZE,0) 

+ 112(30^)3 + 26H20 ' (2.31) 

• .'.--u r>'^r*bOIl di-O-vi-d^ 

G.^.lcim bydx'oxide reaccs 3i 

.V, -i-^ rCaGO,) known as carbonation. 

forms calcinm carbona ^ r^o^- 

(2.32) 

Ca(0H)2 + 5O2 - CaCO, + HjO ^ .^erioe of wate- 

rs CaCO, further reacts with OOg rn .h - P ^ 

and forms oarbonio aoia (Ca(-d^ 05 ) 2 )- 

OaCO, +H 2 O + CO 2 - C!a(HC 03)2 

1 rN a G na(H00':z)o Tli’odly 

CaCO is sparingly soluble, w e.. ^ concrete, 

soluble. SO it is capable of drssol. . ^ 

r^a-rbonation and m 

■RotVi in t’ne process ox c=.._ . , . .0 

1-“ ‘ . ,.„„ 2„ga. Iho alhallhity or 

, - the lime is dis&oiw.vU. 

cejrbonic acia, ^nc ^ r-i'oF'lo. So tHe 

a- • o.'. hv the p'*esence ox rrcc(0r_j2 

concrete is maintainea by tb. P- 

...v,o p*'’' ot concrete, 

reduotion in line reuuces Xe 
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Hydrogen sulpHide formed in effluents dissolves in 
water and forms a weak acid. This can be absorbed by the 
concrete in contact end oxidises to fonn sulphurous acid and 
then by oxidation to sulphuric acid. 

Sulphur dioxide gas from flue ga,ses takes moisture 
and converts to sulphurous acid. By oxidation the sulphurous 
acid converts to sulphuric acid. '/Then coa,l or coke is stored 
against the concrete surface, the sulphur contained in it 
oxidizes to sulphur dioxide, later converts to sulphuric 
acid. This causes the concrete to be attanked rapidly. 

Figure 2.2 shows the damaged concrete sev/er pipes 
removed after IS years of use. The actual size of the pipe 
is 900 mm diameter and 75 mm thick, Figure 2,2a is less 
damaged compared to Figures 2,2b end 2,2c, It is observed 
that some of the pipes are split into two parts (Fig. 2. 2b) 
along longitudinal bars, which can be seen on the right hand 
side edge in the Fig, 2.2b, Figure 2.2c is more damaged. 

The concrete surface is fully damaged and covered by the 
settlement of solids from sewage. The category of damage 
of most of the pipes lie in between Fig. 2.2b and Fig, 2.2c. 

Seawater contains salts (chlorides and sulphates). 

Some clays contain alkali, magnesium or calcium sulphates ( 
and ground v/ater in such type of clays is in effect a sulphate 
attack.' The higher chloride content in seawater reacts with : 
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free lime and leaches it out in the form of calcium chloride. 
It is highly soluble and leads to the increase in porosity 
of concrete. Chlorides adversely affect . the polymerization 
of the calcium silicates, hence hinder the long time strength 
development [ 90 ] . S'or the concentration of magnesium 
chloride present in seawe.ter, the attack is minor [ 91 ] • Only 
strong solution of magnesium chloride has some effect on 

ordinary portland cement [15 ] . ?fe..gnesium ions are mo3?e 
aggressive than chloride ions. Magnesium chloride reacts with 
caMcium hydroxide and foi.mis magnesium hydroxide. This reduces 
the of concrete. This forms a layer on the surface and 
prevents further diffusion of magnesium ions [ 92] , The 
stoichiometrical relations of various chlorides with hydrated 
cement compounds ane [ 92 ] : 

3CaO. (Al.]?e)205 + Ga(0H)2 + 2iTaCl + IOH2O 

- 3CaO. (Al.Te)203-CaGl2.10E20 + 2haOH (2.34) 

2MgO + Ga(0H)2 + MgGl2 + 5H2O 2I-Ig0.Mg(0H)2.5H20 + GaGl2 

(2.35) 

GaO + CaCl2 + ‘2H2O CaO.GaCl2.2E2O (2,36) 

Ga(0E)2 + Ga.Cl2 + E2 O CaO.GaGl2. 2 E 2 O (2.37) 

If the concrete is a.ttacked by sulphates, highly ^ 

insoluble and voluminous products than the compounds they 
replace, will form. This causes an increase in internal I 
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volume. As a result internal pressure is exerted leading 
to cracking and spalling of concrete. Due to cracking and 
spanning fresh area is exposed and deterioration 
accelerates, fhe tvi/o major sulphates that deteriorate the 
concrete are sodium sulphate and magnesium sulphate. 

Sulphates in solid form do not attack concrete, but reacts 
with set cement when they are in liquid form. Alternative 
v/etting and drying further contributes to- the deterioration. 
Sodium sulphate reacts with tricalcium aluminate hydrate 
and calcium hydroxide, ’i'/heii it reacts y;ith tricalcium 
aluminate hydrate calcium sulphoaluminate (sulp ho aluminate 
corrosion) forms, whose inc-ease in volume is 227% in solid 
phase. Similarly the reaction with Ca( 0 H )2 forms gypsum 
(g 3 ^sum corrosion), whose increase in volume is 124% in 
solid phase [ 9 ] . The stoichiometrical relations of the 
above two reactions are: ; 

2(3CaO.Al205.12H20) + 3(1^230^. IOH 2 O) - 

+ 2A1(0H)^ + 6 NaOH + 7 E 2 O (2.3B) j 

Ca(0H)2 + lfe,2^0^,10H20 - 0aSO^.2H2O + 2M0E + BH 2 O (2.39) ! 

The effect of sodium sulphate increases with increase in | 
concentration upto 1.0 %> and beyond 1 . 0 ?Sthe increase is at | 
a very low rate [ 91] • Alkali sulphates do not react with; 



calcium silicate hydra-te to any significant extent [ 93? 15, 19, 
94,95] . Reason beiiig, tkey are more insoluble 'ahan calcium 
sulphate and alkadi silicates, which v/ould occur. But* 
Thorvaldsen. [ 96 ] and Thorvaldson et al. [97] observed tha,t 
the mortar specimens made with pure and pure OgS were 
adversely affected by Ra 2 S 0 ^ solution. 

Magnesium sulphate not only causes destruction due 
to swelling but also softens the surface of the concrete. 

As discussed earlier magnesium sulphate does react with 
hydrated cement paste, only in liq.uid form. Upto 0.5 % 
concentration the rate of attack increases with increase in 
concentration. Beyond 0,5 % the rate of increase is smaller 
[ 91 ] . Magnesium sulphate not only reacts with lirae and 
calcium aluminate hydrate but also reacts with calcium 
silicate hydrate. The reaction of magnesium sulphate vmth 
Ga( 0 H )2 causes gypsum .corrosion: 

Ga(0H)2 + MgS0^.7H20 - CaS0^.2H20 + Mg(0H)2 + 5 H 2 O (2.40) 

Gypsum thus formed crystallises and is accompanied by increase 
in volume. The increase in volume is about 17.79^ and that 
of magnesium hydroxide is about 20 % [ 19 ] . The Mg(0H)2 
forms in the existing pores without causing any disrupt’ive 
reaction [ 81 ] . Magnesium sulphate reacts with calcium 
silicate hydrate and produces magnesium hydroxide, gypsum and 
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silica gel* l^h-e magnesium hydroxide a,nd silica gel further 
reacts and magnesium silicate forms. This magnesium silicate 
does not have binding power in contro^st to silica gel. So 
it is reasonable to say that this is a final stage in the 
deterioration of concrete [ 98 ] « It reacts with monosulpho- 
aluminate and produces, g 3 rpsum, magnesium hydroxide and 
alumina hydrate. The abo've process is entirely known as 
magnesium corrosion. The precipitation of Mg( 0 H )2 increases 
the rate of gypsum corrosion [ 31 ] , The stoichiometrical 
relations of magnesium corrosion are: 

3 CaO. 2 SiO 2 . 3 H 2 O + 3Mg30^.7H20 - 3Ivig(0H)2+3(Ca.S0^.2H20) 

+ 2(Si02.3H20) + I 2 H 2 O (2.41 ) 

4Mg(0H)2 + Si02.xH20 4Mg,Si02« 3. 5 H 2 O + (x-4.5)H20 (2,42) 

3CaO.Al205.0aSO,^.12H20 + 3MgS0^.7H20 - 4CaS0^.2H20 + 3Mg(OH)2 

+ AI 2 OJ. 3 H 2 O + 5 H 2 O (2.43) 

The magnesium sulphate reacts with calcium alumins.te hydrate 
and . ettringite forms (sulphoaluminate corrosion) [Sl] . ^ 

2(3Ca0.Al202.12H20) + 3(MgS0^.7H20) - 3Ca0.Al203 .3CaS0^.51H^ 

+ 2AJ.(0H)^ + 3Mg(0H)2 + 8 H 2 O (2.44) j 
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This crystallizes in the Torm oT needle shaped crystals and 
during this process the component voluine i-iicreases to about 
227 io in solid phase, causing destruction of concrete. If 
MgSO^ conceatraaion is much higher sulphoalimiinate corrosion 
is replaced by magnesium corrosion. Sulphate is expressed 
as a number of parts by weight of SO^ per million (ppm). 
lOOOppm and 2000 ppm are considered to be moderately severe 
and severe respectively, specially if the magnesium sulphate 
is the predoriiin«;.!nt constituent [ 9 ] . Is per 200 - 

600 ppm corresponds to v/eak attack, 600 - 3000 ppm corresponds 
to strong attack and above 3000 ppm corresponds to very strong 
attack [89 ] . 0.2 ^ and 0.5 % are the corresponding values 

of soluble sulphates in soils [ 9] . 4 O 3 O specifies 

0 , 2 %- 0,5 %for weak attack and above 0 , 5 % for strong 

attack [ 89 ] . 

figures 2.3a - 2.3e show the effect of marine 

envii*onment on reinforced concrete, figure 2,3b and 2.3c 
are part of the electric pole (fig. 2. 3a) on beach road. 

These <'’re enlarged 'jo emphasize the ma.gnitude of damage 
caused to electric pole by marine environment, Similarly 
figs, 2, 3d and 2,3e are the photographs of roof slab of a 
residential building near sea shore. This vms constructed 
20 years back. The first scalling was observed 15 years 
after construction, then it was plastered. The rescalling off 
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tile plastered, one also can be seen in Fig. 2.3e . Table 2.4 
suiMiarises the efiect of some of the chemicals on hydrated 
cement paste. 

« 

TABLE 2.4 : RBAOTIOF 0:f SOME OF THE CSSMICALS V/ITH HILRATSD 
C.SMEIT COJIPOUdDS Al'lE THEIR EFFECT 


S.Ho. Chemical 


Cement Compound 


Effect 


1 Acids 


2 CO 2 


3 Chlorides 


4 Sulphates 

MgSO^ 

Na2S0^_ 

MgSC^, 


Cement paste Calcium, aluminium and 

iron slats and silica gel ; 

forms. Calcium chloride 
is highly soluble. I 

Ca(0H)2 Forms Ci-rbonic acid in 

the presence of COg and i 

water, which is highly ! 

soluble.?^ reduces. ; 


Free lime 

Lime leaches out, porosity 

calcium 

i.ucrea&es, hinders pol 3 r- 

silicates 

merization of calcim 
silicate h^rdrate. 
reduces 

Ca(0H)2 

H 

reduces 

Ca(0H)2J 

Forms g^^^ps urn, which 
i.nci:'eas3s the Yolume by 

Trie. ale ium 

117.7^. Perms calcium 

aluininabe 

sulphoaHuiUinate , volume 

hydrate 

increases by 227 %. Forms 
Mg(0H)p volume increases 


by 120%. 

Tric.alcium 

Forms Mg( 0 H) 29 silica gel, 
gyp s um . Mg ( OH ) 2 reacts 
with silica gel and formg 
magnesium silica gel,whid 
has no binding po\/er in | 
constrast to the silica i 

silicate 

hydrate 

, ■ » ■ 

gel . I 






2.8 Corrosion of^^^Reiiif ore ed Steel 

Steel in concrete is passivated due to its higli 
levels of alkalinity (P^ > 12,5) as explained in previous 
sections, Phis passivation can be prevented due to faults 
in concrete like tears, cracks, agglemoration of sand etc. 

If the concrete is porous or cracked » allows the ingress of 
atmospheric gases and water, which may convert calcium hydroxide 
to ca^foonic acid (Sq. (2. 32) and hq, (2. 33))» In this process 
P of conerr-'te reducec to some vd-iat below 9, If 0.3 % of 

CO 2 by volume present in air, allows carboiiution [89] , 

F ^ 

Due to reduction in Pasted is prone to corrosion. Phe 

two labora-tory methods for assessing the depth of ca,rbonation 
hciVe been X-ray difraction method ^nd cheiAical analysis 
method. In both the methods, the sample is collected at 
various depths of the specimen and is investigated with any 
one of rhe methods. Phe simplest method being, an a.cid based 
indicator should be sprayed on freshly brocken surface of the | 
concrete. On spraying the indicator, the uncarbona/ced ■ 

layer, which is highly alkaline portion, changes its colour. 

If alizarin yellow, R is used colour changes from yellow to I 
orange red, with thymolphthalein from colourless to blue and | 
with phenolphthalein from colounLeas to_purple red[99].S-* 
and his Co-vrarkers (1968) [91 ] have suggested that the I 

compressive strength of concrete is inversely proportional to | 
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carbonation. or direcily proportional to a ratio of por.os.L:;/ 
to carbon dioxide. 

Basically rust foruiation is an cleerx'-oclie ’.ical 
process. It is belie vni that [ 2,100] steel is paasi*/ated 
from corrosion by fornin/; a.a oxide film on the surface 

D 

( appro ximat f ly 10,000 A thick). This suirfsoe film is 
mainly a ferric oxide (1^02^3^* This can be depassivated 
by reducing the alkalinity of concrete. But other 
researchers [101, IO2] observed that ferric oxide ilm 
mi.iht not exist to prouect steel, but jh: foimaetion of 
chloride ion (cl ) film indicates the corrosion. Contact 
between tv/o dissimilar surfaces (steel is more electronegative 
than surrounding media), electrolytes such as acids, alkalis an<^- 
sulphates and varying availability of ox^rgen, favours the 
conditions of inequality. Higher the potential difference, 
faster the rate of corrosion, Homally the anode areas 
develop on steel surface E 90 ] , Iron is oxidized and 
iron ions passes into the solution at the anode surface. 

ii'e -* + 2g'“ at anode (2,45) 

where e" •- electron. 

This makes steel electrically negative and adjacent 
to anodic areas begin to function as cathode. At the cathodic 
area, the oxygen dissolved in pore water reacts with the 

CENTRAL LIBRARY 
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electrons coming frora anode, in the presence of water 
to f03:m hydroxyl ions ( 0 H~). 


0^ + + 4e“ - 40H“ (2.46) 

Electric curr'^nt is C 2 :eated in steel due to libera-tion of 
electrons at cathode. The negative hydroxyl ions liberated at 
cathode ane transfered to anode, electrically neutralizes 
the dissolved Ee , foraiing a soliv'rion of ferrous hydroxide. 

+ 20H" - Ee( 0 H )2 at anode (2.47) 

ilow the total reaction is; 

2Ee + aHgO + O 2 - 2 Ee( 0 H )2 (2.43) 

This ferrous hydroxide further reacts with the available 
oxygen and water and gives hydrated iron oxide. 


4 Ee(OH )2 + ^2 + 2 H 2 O - 4Ee(OH)^ (2.49) 

This constit-utes hydrated red rust (EeO(OH) + H 2 O), the 
final product, which precipitates fzcom the solution. The 
volume of red rust is, four times that of steel. There are 
other forms of rust: for example HEecXOH), HEe 02 , EeSO^ and 
■^®2*^4 rust). The black rust is fozmaed in a continuous 

very deep water immersion where oxygen supply is restricted 
[ 45’ 5 ] . In seawater the oxygen content varies from 
approximately 7 ppm at surface to 5 Ppm at 100 m depth. So 
the black rust can form in offshore platforms etc.C 5] . 



3?e + 80H 


?e^0^ + Se” + 4H2O 


( 2 , 50 ) 


I'ho volume 0:: black rust is twice the volume of steel, 

-lie impurii'ies in atmosphere like sulphur dioxide 
and chlorides accelerate uhe process of corrosion even at low 
conceiitrations. V/ith a suitable catalyst sulphur dioxide 
oxidises to sulphuric acid. 

1 

SOg + 2 °2 ^2*^ "" ^"2^°4 (2.51) 

Sulphuric acid reacts with iron in the presence of oxygen 
and forms ferrous sulphate (?eS0^). 

i^e + H2S0^ + 1 Og + HgO (2.52) 

this ferrous sulpha.te is further oxidised in the presence of 
oxygen and produces rust and sulphuric acid 

2PeS0^ + - 0 ^ + 5H2O ^ 2Pe0(0H) + 2I-l2S0^ (2.52) 

This sulphuric acid can further react with steel and fom 
more rust [ 89] . The rust formed on the surfexce is 
porous and permits the ingress of atmospheric gases or 
other chemicals for further deterioration. The relative 
humidity between 65% and 90% contributes apprecia.bly fo?a 
corrosion of mild sreel [91] . 

Chloride ions present in the concrete depassiva.tes 
the protective layer if a certain threshold value exceeds. ' 
Chlorides are capable of setting up differential concentrati> 



GHAPTSR III 


EXPERDISI'IIAL IirvESIIGATI OIT 


5.1 Int rpductj-on 

Ilie datails of experimental investigation, releva.nt 
analysis, results and discussion are presented in this 
chapter. A concrete mix with aggregate cement ratio (A/o) 
of 4.5 and water cement ratio (W/c) of 0.45 v/as selected 
for the investigation, V/ater cured concrete cubes of differer 
a.ges were exposed to dilute sulphuric arid of 0,i% , 1 and 
5 % concentrations. Amount of consumed or reacted acid 
by concrete with time, loss or gain of strength and weight 
with the amount of acid consumed per unit surface area were 
studied. Effect of continuous water curing and air drying 
inside the laboratory was also studied. After placing the 
concrete cubes in sulphuric acid solutions, the reduction in 
strength of sulphuric acid was measured at regular intervals 
using volumetric aiic-lysis. Ihe procedure adopted for the 
estimation of strength of acid is explained. An algebraic i 
equation is suggested for the consumption of acid with time. 

The constants of the equation were solved using the method 
of non-linear regression for the experimental observations. 

A procedure as to how to estimate the depth of penetration { 
of acid, strength reduction faotor, weight reduction factor, j 
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quantity of cemont required in one unit of concrete for 
a gre'en exposure, depth, of deterioration of concrete, and 
the coefficient of variation of strength is explained. 

In the proces of est.iina.tion of the above quantities, the 
demand of .sulphuric acid for saturated reaction with one 
kiloITewton of ceraeiit (Yj^) is required. So the procedure for 
estimating: Yt:, is explained in Appendix A, Applications 
of the results are discussed in Chapter' IV v^dth few examples. 


3 . 2 i’l at e r i al s _ani _ Mi .x^ 

the cement used in this investigation was airnlyzed 
to estimate the percenta.ge of oxides pr 93 G.at, using the 
procedure given by Yogel [ 103^ ♦ Ihe chemical composition 
of the cement used in this investigation is presented in 
fable 3 • I • Cement from the sarD.e lot -was used throughout 
the investigation to avoid the variations in qualit;* of 
cement, locally available fine aggregate snd granite base 
coarse agrregede were used conforming to IS 333 - '1970 [ 104 ] • 
Ihe aggregates selected were assumed to be of non-reactive 
type. 100 X 10 c X 100 imn concrete cubes were used in the 
investigation. 'The quantities of the mix, aggregate cement 
ratio 4*5 a-r.d water cement ratio 0.45, were weigh batched . 
and thoroughly mixed rmanually. Cubes were compacted using 
table vibrator. They were demoulded alter 24 hours 
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and immediately put in curing tank for water curing. 
TABLE 3.1 : GHEJilOAL GOirPOSITIOa" OE GBJCBET 


Oxide 


V/eirht 

S102 


27.24 

OaO 


53.30 



4.30 

"^ 2°3 


6 . SO 

MgO 


0.95 

MnO 


0.40 

SO5 


0.13 

Loss on 

Ignition 

6.50 


3 . 3 


After proper water curing the cubes were exposed to 
dilute sulphuric acid of 0 . 1 %, 1 % and 5 % concentrations. 
The strength of acid was measured at regular intervals and 
the depleted acid was repleinished. for measuring the 
strength of acid volumetric analysis was used. 


3 . 3,1 Procedure for Volumetric Analysis 


To estiruate the strength of sulphuric acid present 
in the sample, potassium hydroxide (KOH) was selected as a 
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base in the analysis [ 103 ]. Phenolphtlialein was used a,s 
an indicator, which changes from colourless in acid madiumi 
to pink; colour in alkaline inediujn. The strength of potassium 
hydroxide selected was approximately in the order of the 
strength of the sulphuric acid. The strength of potassium 
hydroxide was determined using the standard oxalic acid 
and phono Iphtnale in as an indicator. Let the normality of 
oxalic acid be . 5 cc of oxa.lic acid was taken into a 

conical flask and one drop of indicator was added. Potassium 


hydroxide was added to this solution drop by drop till the 


pink colour is just formed. Let potassium hydroxide consumed 
be Y-^ cc. Then 


formality of KOH 



X 7ol, 

Li. 

^b 


of oxalic acid 


^b 


(3.1) 


Sajnple Calculation: Normality of oxalic acid is 0.1042 N and 

potassium hydroxide consumed by 5 cc of oxalic acid is 4.0 cc. 

5 IT-i 5 X 0.1042 

H = 0.13025 I'T 

<2 Vb 4.0 


Prom the sample collected from the drums, 5 cc was taken 
into a conical flask. One drop of indicator was added 
to it. Then potassium hydroxide was added drop by drop 
till the pink colour just forms. 
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i'he acid number is the number of milliequivalents of KOH 
required to iiiutrc.-lize one kiloUev/ton of sample. 


Acid number 


Ah = 


12^: atomic weight of KOH x volume '’f KOH 
consumed 


volume of sconple 


Moles of acid/cc 


"'^2 %0II -^b 
Yg 

AN .X 10‘ 


U 


(3.2) 

( 3 . 3 ) 


ICOH 


wh. re *%0H " 3.tomic v/eight of KOH, and 

- voluine of sample. 


■’.T 

‘ s 


3.3.2 Set-up. 

Polythene drums of capacity 90 litres each were 
used to store the cubes in a reqiiired concentration of 
sulphuric a,cid. There were four set'-ups. In the first set-up 
concrete cubes v^ater cured for 30 days were exposed to 
0,1%, 1 and 5 % concentration of sulphuric acid. In 

the second one concrete cubes water cured for 50 days were 
exposed to 0. 1 % and 1 % concentration of sulphuric acid. 

In the third one, concrete cubes water cured for 90 days 
were exposed to 1 concentration, and in the last set-up 
120 days water cured concrete cubes were exposed to 0,1% 
concentration. Cubes were placed, staggerdly in the druras 
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to maximize the exposed surf3.ce. Along with each set— up 
eqaal number oi cubes were kept for air drying inside the 
laboratory. Some cubes were left in the curing tanlc to 
study the effect of continuous water curing on strength and 
weight. Hereafter these cubes are referred as exposed to 
0,0 % concentration. 

3 . 3 • 3 - of Sample 


A sample of solution from each drum was collected 
at regular intervals to estimate the quantity of acid 
consumed by the concrete cubes. Ihe solution was thoroughly 
stirred and collected into a sampling bottle, For ea.ch 
solution three samples were analyzed, and a mean value was 
taken for further computations. Necessary care and 
precautions were taken during the ex'periment. If c^ is 
the initial s’Q^ength of the solution, c-f. is the strength 
at time t and Tq is the inil-ial amount of acid required for 
Cq strength, then 


acid consujred = 



c 

o 


T 


o 


(3.4) 


Sample Calculation: 0.4 litres of sulphuric acid was added 
to 39.6 litres of water. To neutralize 5 cc of this solution 
13.7 CO of potassium hydroxide was consumed. Concrete cubes 
were exposed in this solution. After three days Scniple 
solution Vtras collected again. This time 8 cc of pozassium 
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iiydroxicie was required to neutra-lize 5 cc of the solution. 
Calculations for the amount of acid consumed by the concrete 
are : 




T 


0.1303 X 56. 1 X 13.7 

= 20.02 


^2804 + 2K0H 


K2S0^ + 2E^0 


.'.each mole of H 2 S 0 ^ needs 2 moles of KOH for neutrcilization. 
moles of H2S0^ present in one litre of 


solution = c. 


0.1734 moles of H2S0./litr 


20.02 

^ 56.1 X 2 

where the subscript to AH and c reefers to the age in days 
at which the sample is analyzed. 


AH 


0.1303 X 56.1 X 8 


= 11.70 


11.70 

-ry-""*' - 0.10424 moles of H^SO. /litre. 

56.1 X 2 24 


Acid consUiXied in 3 days 


^■^o = 


0.1784 - 0.10424 
0.1734 


X 0.4 ~ 0,166 1 . 


Therefore, approximately 0.17 litres of acid was added to the 
solution and thoroughly mixed to get uniform solution. 

Similar procedure was employed ’for all the samples and at 
all ages. At specified intervals the strength, weight and 
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depth Oi concrete disaolved were measuj’ed. In 1 5 ^ and 5^ 
concentrations of sulphuric acid , the surface of the cubes 
was irregular, because it was dissolved (I'igs. 3.1 - 3.4). 

In such cases cube faces were capped with neat cement paste 
as specified by IS 516 -1959 !l05! to make the contact 
surface plain before testing for strength, 

5.4 Re sults and Dis cussion 

’(iliile titrating for’ determination of the strength 
of acid, yellow colour appeared prior ro the pink colour, which 
indicates the formation of sulphates during the sulphuric 
acid attack. The sulphate formation on the surface (needle 
shaped fins) of concrete ejiiposod to 0,1 % concentration of 
sulphuric a,cid for 250 days can be seen in Fig. 3.4b. In 
the case of concrete cubes e.xposed to 1^ and ’ 5 % concentrations 
of sulphuric acid, the dissolving attack was so dominant, 
the surface gets dissolved fast and hence no fins on the 
surface were observed (Figs. 3.1 - 3.4 ). Yet the pirdc 
colour formation during titration was commonly observed. 
Figures 3.1 - 3.4 show, the concrete cubes e.xposed to 
different ages under 0.1% , 1 % and 5 % concentrations. In 

case of concrete exposed to 0. 1 % concentration of sulphuric 
acid no visual changes could be found. However surface 
became whitish and the needle like fins were observed on 
the surfa.ce after 60 days of exposure. Incase of concrete 
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e:i]'0;:;ed 

b ii* ,.r’bctx 


OC; 


«o ^ fo concsntration of sulphuric acid, surface 
•-0 soiueii in 30 days. Initiation 0 ;': surface scaling 
ervea a'-; one cj(e of 60 days. In 95 days the totoi,! 


o-i.tj.coe mo..' Co-.!, oscanie soft, Abou'c 95 fo of the surface 

nort/ar v/as scallecl off snl aggregate was fully exposed 

Wiien ODserved on 180th day. In further observations, 

dis olving o_ .'ao.i-uar deep inside leaving the projection of 
particles was observed. In 5% exposure 
coarse a''*.;ro,i’ate / che ef.-ect is so rapid^the surfare mortar 


was dissolved within very short time. Yi/hen observed on 30 th 
day, surf.joe mortar was dissolved fully and the coarse 


a/^regoue pact-ides projected out. During further observations, 
the iiiO‘:’tar was found to be dissolving further inside and part 
of th:> coarse aggregate on the surface v.^ss lost due to break 
of bond (d-T, 3, 1 b ) . 


3. 4. 1 Coiisumptipn^pf^ ,49.4^. 


i'hc consumption of acid per unit surface a.rea, of 
expos jd coiicrete can be expressed as: 

A [ 1 - exp ( - Bt" ) ] (3,5) 

whore 7’ - acid consumed by a unit surface area of concrete 

t - time, and 
A, 3, and G- re, gression constants, 
from 3q, ( 3 * 5 ) , 7* is zero fox t equal to zero and for- a very 
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la.?ixe value of f, V» approximately equals to A. 'Therefore 
•vhe value oi A is calculated approximately, assuiiiiny that 
•, ..e i' -’ oer f'Oils if the concrete upto a depth 100 nm:i 
13 iully rfMc .ed. In the calculation of A, the txrpe of 
acid is essontial rasher tha.n the concentration of acid 
Or ’vV-iicn ■‘he concrete is exposed. V/hereas B and C are the 
Gon3r:ijits, which depend upon the concentration of acid 
and 'jhe properties of the concrete. The quality and 
q:n.-r;;i 'jy Of cement are also included in the calculation 


oi A. The quavitity of cement present in one square meter 
of Burfc.ce area and 100 mm depth of concrete is 0.1 q kM, 
•.vrioro q is the cement content in IciloITewton pc': cubic meter 
of concrete. Then the quantity of sulphuric acid (A, l/m ) 
required for s.rturated reaction v/ith 0.1 q kiT is ; 

A = 0.1 q l/m^ (3.6) 

v/he':e is acid required for saturated reaction v^fith one 
ki loicv.'ton of cement. The procedure for computing 
yiveu i i Appendix -A. 

/. A = 0.1 X 4.26 X 73.4 = 31.2 --30 l/m^ 

;!o\/evcr, the selection of 100 mm depth is arbitrary, so 
Xo..‘ .i.ifferent values of A, B and C were determined. If Y 
is ohQ :io .-ual amount of acid consumed by concrete per unit 
s i.rf ace area^ rhe error at any point ( p ) is . 

p = Y- ~ YJ 

11 2 

The Gumulative least square error is ) • 
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'n. 


2 

2 ) =1 [v^-A+A ej<p (- BtJ ) (3.7) 


v/hore t. 


?; 


'1 ” time in years, and 

■“ acid consumed upto year. 

j.jii;;a...ion {'j,]) is differentiated with respect to B and C 
am independenuly equat'^d to zero. The two equations obtained 
are solved for 3 and G, which fits with a minimum least squai’e 
er 'o:c [ 106] . 

2 


d .h 


(, j 


^ [ 7. -A+A erp (- 3t^)] erp (-3t^ ) t9 = 0 (3.3) 

4 A. 1 A. 


9 r| 
9C 


2 


‘c 


^ [ /^-A+A exi:(-3t9)] e^p(-Bt9)t9 In t^ = 0 (3.9) 


Simplification of the above two equations gives 2 
A [£ t9 e^<P ( - Bt9) z t9 exp- (-2BtJ) 1 

3. 1 1 j_ 1 1 

- Z exp(-.3t9) t9 =0 (3.10) 

^ c9 exp (-3t9) In tq - 2 t9 exp(-23t9)ln t - ] 

X. X "** X X 1 

- I 7^ t^ In t^ e^cp (-Bt9) = 0 (3.1 1) 

The above two non-liaiear equations (Bqs. (5.10) and (o.1'i)) 
are of the form ?^(3, G) = 0 and 32(B,G) = 0. These were 
solved using iterari'/e technique. A flow cha,rt r or the 
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P ocidiv. L adv^pfc' CL 'CO solve the above two eciuations 

is -ivev in 3 . 3 . Vfnerever necessary, Eagula falsi [ 107 ] 

L;C’ . .-DO. ,jas L’sacL 'JO solve a no3i— linear equation in single 

Vc,''’i..ele . 

lo u is -'ioken as 0.5 , the above two epua-tions 
/eance to a si-nrle non-linea.r epuation with 3 as an unknown. 


[ I it erp(-3'r. ) - ? 1 


m 


1 1 


e:<p (- 23ih ) ] - Z y^T^exp ) = 0 


'1 ' 
(3.12) 


wJi'jro 


I'i = 


ili-e above equation was solved using Regula falsi 
method wO yet 3 , The co.astants A, 3 'nid 0 and the 
no.naliiied cirnulative leo.st square error ( for each 
concentrauio'i are tabulated in fable 3*2 (page 81), Using Figs. 3 
3.8 one can interpolate B and C for a given value of A, 
idle ra.-’-ro of A is 5 to 40 . the rata of changs of B or 
0 fo • du' value of A beyond 30 is very sraall. 

In Figs. 3.9 - 3.11 , erperATaentvl values of 
a.cid consumed (l/n^) with time (weeks) and the corcresp ending 
least square ,cit values are p.ressnted. fhe percentage error 
at each, point ranges from 0 to 9% for the concrete e.rposed 
to 0.1 % ooncenvration of sulphuric acid. But the errox* 
is higher in first laTO weeks in case of concrete cured for 
30 days, firsG four weeks in 50 days v/ater cured concrete 



( start') 

x. J 


Read, N.A.Co , £ 
ti,V| , ini . N 


i 


INPUT 

N- No. of points 
Co" Initial guess 
G - Small number 
t j - Time (years ) 

Vi-Acid consumed 


(Us/m^) 


find B (=80) such 
that F,{Bo.Co)-0 
using regula falsi 
method 




L 

find new value of C 
(= Cn ) such that 

F2(Bo.Cn)-0 
using regula falsi 
method 


\ 

i 

<lF,{Bo.Cn)N}>- 

-* Co=Cn 1 


Print , A. BotCn 



CSTOP ") 


F!G. 3-5 FLOW CHART FOR SOLVING B AND C 








FIG 3-7 VARIATION OF C WITH A 
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20 


30 


A 

VARIATION OF B WITH A FOR C = 0-5 





.CID WITH TIME (30 DAYS 


o o 



(jUJ/s^i) A 


Time in weeks 

iON OF CONSUMPTION OF ACID WITH TIME (50 DAYS WATER 
CONCRETE) 



FIG. 3-11 VARIATION OF CONSUMPTION OF ACID WITH TIME (90/120 DAYS WATER 
CURED CONCRETE) 
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and li.jt uG /cii ./e;.tCs in 120 days water cured concrete. ]?or 
tiie conjrooc; errcosed to 1 % concentration, the range is 
r to .1. ) fo ' ;,C water cured concrete. It is higher 

i,i 'r’rd, ' ■ roc weekrs and ten weeks for 50 days and 90 days 

or ;,r. -"f i cOxiOre.es :.’espectively. Beyond the above specified 
e io.^, t.'ie :;*..n:e is 0 to 11 % , i’he percentage error 
ra.i iG'a .f'.'O.’i 0 to 4,5% at all points in case of 30: days ?irater 
cured cenorote exposed to 5 % concentration. However, except in 
90 wa’oo ' C‘Toi concrete exposed to 1 % and 120 days 

...iuor (VM'Oii concrete exposed to 0.1% concentrations the maxirumn 
cr ’or Lr; o;ily 30% • liipire 3« I2 is a combined plot of all 

fchf: I O' ;;i. rriMaro lit values shovdng the variation of consumption 
o' acid In case of 0.1 % exposure, the adva^ntoGge 

of water ou niic iov higher period is nominal. 


Figure 3.13 shows the variation of values of B and 
0 v/ifch concenuraiion of sulphuric acid for 30 days water 
cur'ecl Conor to. It can be used to obtain the values of 3 and 
0 <"i7cn concentration »lfpto and including 1 % the value 

0'‘ 0 i:: hit on an 0,5 * Hio value of A is taken as 30 for 
a.l I co»ic'’'nwrat ions. 




oro 



CD « 


o 


F!G.3.I3 VARIATION OF 


81 


fiiOLS 

3.2 : VALU3S Of' 

A, B, C AKD ri^ 



',/a jcr 
c urin 5 

Concen- 

tration 

A = 30.0 

A 

=30.0;G=0.5 

in days 

% 

B 


3 

V 

^c 


0, 1 

0.01875 

0.4934 1.6660 

0.01332 

1 .699 ' ■ 

30 

1.0 

0.04604 

0.5400 0.0066 

0.04293 

0.0624 


5.0 

0.10042 

0.3338 0.0324 

0.13530 

0.396 



M- .r.- 




50 

0.1 

0.01576 

0.43412 2.9150 

0.01624 

1.433 I 


1.0 

0.06250 

0.61937 0.5160 

0.05938 

0.944 

90 

1.0 

0.03562 

0.78627 3.3960 

0.06775 

50.671 

120 

0.1 

0.02451 

0.75309 1.5130 

0.01944 

17.529 

3.4.2 

.'orjgth of 

Exjgo_sed_ 

Cojicrej^ 




Strength of concrete, water cu.red for 50 days and 
exposed ^o different concentrations of sulphuric acid, with 
time is shown in Pig. 3.14. Ehe strength at all ages was 
normalized with 2S days concrete streng'ih. In the same 
plot, s-.-rength of water cured and air dried concretes are 
a.lso shown. There has been an increase in stirength of 



Water cur 



FIG. 314 VARIATION OF STRENGTH 0 
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coiic^'cte iii case of air dried or water cured concrete. An 
increase in streng'Gh was also observed in concrete exposed 
'GO 0, V/o conceiTGration, However its strength, compared to that 
oi air dried or warer cured one is on the lower side, 
Congjiderable loss of strength was observed in case of concrete 
exposed to 1 % oaid 5 % concentrations. If the strength of 
conccete expose*^ to acid was compared with the strength of 
air dried or v/ater cured concrete, consistent deterioraxfcion 
Ccin be obsoi'ved i'lTespective of the concentration of a,cid 
(foble 

fALiL’i 3.3 : C’B:G SlRJthGIH OP ACID EXPOSE]} OOHCRSTE w.r.t. 

OP AIR DRIED GOhCEEIE 

Concentration Age in weeks* 

»of acid , 


( % ) 

4 

12 

24 

36 

52 

0.0 

1.050 

1.224 

1.217 

- 

- 

0, ! 

0.921 

0.363 

0.767 

0.724 

0,579 

1.0 

0.8S8 

0.756 

0.592 

0.463 

0.343 

5.0 

0.674 

0.607 

0. 1 67 

, - 

— 


^ Hirnber of weeks e.xposed to acid after 30 days of water 
curing 
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The losb or gain oi strength of concrete 
amount of acid consumed is shown in j?ig. 3. 15, 
order polynomial is fitted for this curve. 


"ce p 

Tp = ■ ■ = C. + Op V + G, Y 

- j- I .i: p 

CO 

wh're - strength of exposed concrete 

^co “ days strength of concrete 


r£ - Btrongth reduction factor 
G.1 1(1 polynomial constsjits 

It* ^ ‘ 


er-’or at ar-^ point (p^) is 


"f = 'hi - - h h - h Iff ) 

where r^^^ is rhe strenjah reduction factor £ 
obtained experimentally . The cuiiulative least 


2^2 


i ^"^fi - 0^ - O2 V - C3 Y^) 


Etiuabion ( 3 . 14 ) io differentiated w.r.t. , C 
ind(?pcnde uly equated to zero: 


d p; 


'f c 


dC 


1 


d life 

0 G o 


f 'hi - p - qp - h"i^ = ' 


I 'hi - h - hh - ’ h 


. 2 
snfc 

ec. 


? 'hi - P - hh - 4 


¥/ith the 
A second 

(3.13) 


,t ith time, 
square error 

(3.14) 

ig and are 

) (3.15) 

= Q (3.16) 

= 0 (3,17) 
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Siniplif iG;v’;ion 


0-- -^'1 . (3.15) - Eq. (3.17) gi 


gives : 


I C 


o , 


^ E y2 _ 


i 1 


E r' 


fi 


(3.13) 


: E V + Gg 2 7^ + E Y? = S r’.V. 

Til ^ii 3ii ifii 


(3.19) 


C., E Y? + G E Y? + C„ S Yf = E v^ 


'1 i 1 


2i 


5 i 1 T "-fi '1 


( 3 . 20 ) 


iqustions (3.13) - (3.20) 


are solved for j Cg and 0^ 


I ~ 0.5741 V + 0.1163 y' 


( 3 . 21 ) 


fhf:; noiiieliaed cumulative least square er.ror in this 
pol / iiOLii'j-1 i u is 0.244. lu* addition go "Ghisj "third order 
pol5''nomi<il ana exponentially decoying 'type' curves are a,lso 
tried, fhe equationsin third order polynomial (Eq. (3.22)) 
and exponential fit (Eq. (3.23)) are : 

^ 0.9953 + 3.389 Y - 116.0 Y^ + 430 Y^ (3.22) 
r£ exp ( - 0.353 Y^*^^^) (3.23) 


Idle no:,.’maliaed curaulo.tivc least square error in third order 
polynomial fit is 0. lO. Whereas it is 0,321 in exponential 
uype fi E.uu'tion 3.21 is used in further applications. 
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Vcight of Exposed Concrete 

x’i.-.ure 0,16 onows the variation of weight of the 
exposed concrete (warer cured for 30 da^^s and then exposed 
to dif rerent concentrations) with time, fhe weight of 
concrete at all ages was normalized with 28 days weight of 
concrete. The increase in weight, 3. 5 % in 0 . 1 % exposed 
concretef could be due to the dominant sulphate attach. Only 
a marginal, change in vveight of water cured concrete was 

observed. A loss of weight of about 2% in air dried concrete 

wa.s obse.’vcd, which could be due to the- evaporation of moisture 
from oonoi’efce due to continuous air drying, figure 3.17 shows 

i:hG loss or gain of weight with the amount of acid consumed by 

concrete. The v;oight of concrete is normsilized with the 
co.rresponding air dried concrete , (cabulated in Table 3.4). 

Table 3.-1 : OE ACID EXPOSED CONC.RE'IE w.r.t. THAT 

OE AIR DRIED C0.dGRETE 


Co neon- Age in weeks 

t rat ion — - • - ' • ^ — 



4 

12 

24 

36 

52 

0.0 

1.000 

1.005 

1.025 

- 

- 

0.1 

1.015 

1.025 

1.046 

1.061 

1.062 

1.0 

1,020 

0.985 

. 0.927 

0.867 

0.773 

5,0 

0.365 

If «i.s « w“*>m***t «*> 

0.690 

0.538 

_ 



* Number of weeks exposed to acid after 30 days of 

water curing. 



S8 



(P9zneujJ0U) mfipAA 


FIG,3.16 VARIATION OF WEIGHT OF CONCRETE WITH TIME 
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ijor Ox’uinary concrete, a loss of weight, 33% in 30 weeks 
un.-jr 5 % exposure and 35% in 7 weeks under 15 % exposure to 
G'.ilphuric aciu was reported by Q-leim William DePuy [ 1 ] , 

file loss or rain of weight v/ith the amount of acid consumed 
CO icrete was fit in a second 03:der polynomia. 1 . Sluations 
(d.ls-) - (3. 20) were used by replacing r^^ by and the 

raspecriTe 7 ^ ro solve for the polynomial constants. 

W. 


ce 


'w 


V/ 


.011 + 0.0311 Y - 0.123 Y 


^ (3.24) 


CO 


v/hore 


i 


CO 


we i hit of exposed concrete 
28 d:ys cube weight of concrete 


- Wf^ight reduction factor . 


The pc ‘cenh'ja error at all points is of the order 1 to 10 %, 


3.4.4 Oc]>t*a of Dc jerioration of Concrete 


?i nire 3«‘^3 shows the thickness of concrete dissolved 
wiwh til.-; ;j.iouni; of acid consumed. An equation of the type 
shown i)clow is fit using the method of nonlinear regression, 
he t •S' 


C4 


( 3 . 25 ) 


wiicre is the depth of deterioration of concrete 

(thickness of concrete dissolved) and 0^ is a regression 


coefficient. 

fhen er^’or at any point is ( hni) = (t^^ •- t^^ ) 

where t^j_ is the ith observation (experimental), 
liie cumulative least square error is t 
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If linear rate o;: reaction is assumed, Sq. (3.31) trecomes 


q a 


area of conc':ete and t^ in mia, and n = 1 


[. (5.31) b 5 






2000 


or linear rate of reaction. If 


/ 2 . 

Y 1/n 01 acid is consun^ed by tlie concrete and Y-p ’‘^b.e 

volume of acia required for saturated reaction with one kSi 
of eemeni;, then cement reacted is - kll/m . 


* * 2000 


or t 


KOOO Y 


(3.32) 


ii’i.fire 3.19 shows the variation of depth of penetration 
of acid (t^) v/ith the sjnount of acid co-nsimied per unit 
surface area for different degrees of rate of reaction, 

3.4.5 Coef::icient of Variation of Exposed Concrete (3 triKagth) 


Ei 'lire 3,20 shows the variation of coefficient of 
variation of strength with the amount of acid consumed per 
unLv ruirfocc area. It can be seen that the coefficient of 
variation is higher for higher amounts of acid consumed. 
Similarly,'. lig, 3.21 shows the variation of coefficient of 
variation of strength with the strength of concreoe. The 
coefficient of variacion is higher for lov/er strengths. The 
reason for higher coefficient of variation may be due to 
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one unevenness o.t the concrete surface formed due to dissolving 
attack. Mierover the surface was not fully scalled off, a 
white cohecsionless material v/as found on the surface (Mgs. 

5.2b and 3.3b) , which created lot of problerrsfor capping. 

In such cases also, the coefficient of variation is high. 

i?or the variation of coefficient of variation with 
the aiTiount of acid consuraed, a third order polynomial is 
fitted (,.11. (3.33)). 

= 0.01164 + 0.282 Y - 0.2850 Y^ + 0.0932 

(3.33) : 

0^ io the coefficieni: of variation, of strength for ; 

the .'uaoiuit of acid consiuned per unit surfane enea, I 

Shiiilarly ,f or the variation of coefficient of ; 

variation of strength with the strength of concrete a 
second order polynomial is fitted. 

Cfcic = 0.4614 - 0.028 f^^ + 0.000489 f^o (3-34) 

where is the coefficient of vai-iation of strength for 

a given strength of concrete, f^o the strength of concrete 
in 

fhe above observations can be used to estimate different 
parameters likeJamount of acid consumed per unir surface area, 
depth of penetration of acid, strength and weight reduction 
factors , thickness of concrete dissolved and coefficient of 
variation of strength. 



0HAPT3R 17 


DSSI^rl OR R G 


C BSMiS fOR DURiS Ill'll OOIJSIRERAIIOIS 


4.1 Introduction 


Equa jioiis ’co estimate the strength reduction factor, 
deterioration of depth of concrete, depth of penetration of 
acid and coefficient of variation of strength of concrete 
have been developed in cnapter tnree. This chapter presents 
a procedure ..or design oi exposed reinforced concrete beans 


using tiio equations developed in the previous chapter, by 
both deterministic and probabilistic approaches. Design chart 
arc presented and tiieir use is illustrated through a set of 


exaiiiplcs. Costs of members, designed by different methods, are 
calculated xor comparison purpose. The follov;ing rates 
are considered for calculating the cost of beams: 


3 

Concrete Rs. 550/m 

Steel Rs. GOO/lcd' 

RoiTn v.ork Rs, 50/in^. 


4.-2 


yari-’-'l'.i-P]! P.- ■ -.Pj-.-ffl- E xpo sed Beam 


The mcment of resistance of an exposed beajn is 
nomaliried with the moment of resistance of an unexposed 
beam with the same properties. Figures are drawn to this 
ratio versus the amount of acid consumed for different 
percentages of tensile steel and different grades of steels. 

Figures 4.1 — 4.16 are included at the end of the cahpter. 
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4. 2. i Jomc. 11 ^of_ Jisjsisiiaiice^ of^^n^jj^^xjjosed Beam 


Ihe neu’iral axis in a R 0 C rectangular section is 
given by [108] 


u 


k, 


36 ick 

305 

1265 + f,. 


(4.1) 


(4.2) 


where 


u 


d 


i Y 

Pt 


"ck 


G.-.se I : 

f.5 f 


ck 


ratio of the neutral axis depth to effective 
depth 

2 

characteristic yield strength of steel in lT/™i : 

percentage of tensile steel I 

ciiarac 'beristic compressive strength of concrete; 

2 ' 

in HMn , and j 

ratio of the limiting neutral axis depth to 

effective depth. 


0.37 f^J^t 


36 k,3 

then the moment capacity is given by 


‘'I 

•,7here 

K 

b 

d 


iC k^ ( 1- 0.42 k^) 


moniant of resistance 
0.56 b 
breadth of section 
effective depth of section. 


(4.3) 
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Case II : 


-?03? 


, , 0.87 f,, p. 

36 Icj, 


X 


u 


X 


d 


( 1 - 0.42 ‘-y- ) 




9 9 


-onic.iu 01. 9esAso.a^ce_o;P .an Ex^ 
0.37 tj 

36 


ue 
d " 


X 


V/ iiore 


Case I 


ue 


d 


ratio 03! neutral axis depth c 
section to effective depth. 


^ok < 


.0-S7 fj. Pj 


36 kv 


-'^(V) = K k, C 1 - 0.42 kx,) 


vdieire E^{Y) is che moment of resistance of an 


C^se 1 1 


0.37f^p.j. 
* " 56 k^ 


\(V) 


9 ( ' - 0-+2 -r- > 


(4.4) 

(4.5) 

f an exposed 

(4.6) 

exposed beam, 

(4.7) 


Now the ratio of moment of resistance of an exposed section 
to that of an unexposed one is calculated for different cases 
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Case a : 


■ck f 


0.S7 O.S7'f„P4- 

Por r^, < and f .1^ < -*“-•»»».--.> -y 

56 k^ 36 k]3 


M^(V) 


M, 


k^ (1-0,42 k^) 
k|3 (1-0.42 kjj ) 


(4.8) 


Case b : 


fok < 


36 kv. 


0-S7 f pt 

and f , > 

ck 36 ku 


M (Y) 
... r_ 


k^(l - 0.42 k^) 


JC. 


u 


X 


u 


(1 - 0.42 


(4.9) 


Caise c : 




and 

56 kt 


36 k^ :>o 

TMs case does not occur, because is less than 

Case d : 


"ck 


0^37 £j._ p-t 

’ “36 ’4' 


— ^ ^-TT* 

— X -l-^ and > •■------■-X 


£•£..£21 

36 k^ 


X 


yi^on 

14 


ue 


(1 - 0.42 


d 


"u 




(4.10) 


a ■( 1 - 0-42 -T'" ^ 


Prom equations (4.1) and (4.5) 


X, 


u 


X. 


r^ 

d f 



(4.11 ) 




M^(/) 

Mr 


(1 - 0,42 ) 
a 


(1 - 0.42 Ji- ) 

a 


?or a given set of values of f^^^, f^, and Y, one 


can esbiMute ulie ratio of aioiiient of resistance of an exposed 
bea.i .'0 that oi an unexposed one, using the appropriate eq.nations 
from Jls,(4.d) - (4. 1l) . fhe statement, less than 


is not true for very small values of T, where the value of 


r^ is sligntly more than one, Hov/e'ver in the normal working 
levf.l, jhe value of is less than one. 

4 , 3 t f! rmi ni s t i c_ _pe_s ijin __of an .,P?£ 0 _s ed^_ B_e ^ 


If the concentration of sulphuric acid to which the 
concrete (’.V/C ratio 0.45 and A/O ratio 4*5) exposed is known, 


one caai estimate the strength reduction factor (r^) from 


(3.21) and depth of penetration of acid (t^) from Eq. ( 3 . 32 ). 


For calculating these two factors, the constants B and 0 are 
required and they csn be obtained from Fig. 3.13. After 
obtaining the values of B and C , a value V , the acid 
consumed per unit surface area, is to be calcula,ted, which 
will be I’inally used in estimating r^ and tp. 

0.37 Pt 
36 fcic 


ue_ 

d* 


(4.5) 


M, 


0.36 h®- ( 1-0.42 


X 


ue 


d 


) ( 4 . 12 ) 


X, 


X. 


ue 


ue 


should be replaced by kj^ » if 5" ' ^ ^b 
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Asoiiiiiing a value of width, of a beam, the depth d can 
be ccfci'i.'^vQd Dps* (3«21) and (4«12), for the specified 

Pf Similarl;r the design of an unexposed beam 

can be f.o.ic either by using appropriate eq.uation from ( 4 . 3 ) 
and (';.4) or ::ny standard design tables. 

4.4 3sti;iatipn o_f Coemcipnt of Variation of M oment of 
Respstarice 

.'.’he mean v.lue and coefficient of variation of are 
needed ir. nrobabilis i.ic design of members, which is presented 
in the next nccoion, horra&lly the d.esig.n po-raueters are 
treated as ratiuom variables, since the va.riability in the 
par.. :ii. ters is una.;oidable. I'he underlying probability 
distribution of rhe random variables is assumed as G-aussian. 
fhe mean and standard deviation of a function can be calculated 
using the lean and standard deviation of the random 
variyblco C 107 ^ • 

9 = V 2 > *••• % 

.i ? r I 

i i^1 , 

where 9 - function oZ random variables v-j , Vg ... 

s - standard deviation of a function of random varie^bles 

9 


(4.13) 


2 s 

j ^vi 


i 
/ 2 






( 4 . 14 ) 



S.r over v.o:i.bls irdicetes the mean oj that variable, 
in furtner use, the bar Is dropped lor the sake of oonvenlenoe. 


of 


fn ^ 0.37 


0.36 b a 


3'u.tiidr -.\,l deviation of 
Using iJq. ( 4 . I 4 ) 


'u 




.2 

’xud 


0.37 An. 2 

0.36 bd 


2 2 

'■F3f + ( 


0.87 f. 


Z, 


( 4 . 15 ) 


0.36 bd 


2 

^ ^Ast 


^ )' a2 

0.36 f^j^bd 


0.37 A .. 2 . 

+ ( ...i . . y - ■ U „2 

' 2 ' 

0.36 b^d 


0.37 f An. 

+ ( . „ . 7. . s.l . 

0.36 bd2 


... ) 


2 2 


(4.16) 


iCing ihe starid-';rd deviation by the corresponding pj^oduct 
of mean and coef ::’icient of variation, .3q. ( 4 . 16) reduces to 


f'" 

xud 


0 , 37 f ■^st .2 / „2 2 2 p o 

0.36 f^i,bd ' ^fy ^ ^Ast ^ 4ck + ^b + ^d ^ 

(4.17) 


v/ii.ic 0 i ■; else coel Lici'"nt of variation of a random variable , 
with the variable written as its subscript. 

' « -- 

%/d 


'xud 


' °fy “L ^ 4k 3^7^^ ° 


H m 



1t5 


Case I : 


■''u 

lor - > k, 

d b 


0.36 f J. b ( 1 _ 0.42 k^) 


/(.■ri.-.nce o" 


T - 2 

r “ 


'illT 


-*r ^ ^fck ^ 


(4.19) 


( 4 , 20 ) 


Coef:.. icient o.f variation of M = C^t 

r Mr 


5ir 

*<L 


i 

( Ofok + 0^ + 0® )" (4.21) 


II 


X 


Po:-' 

•r-' ■ < k, 

d b 

■Ip 

0 -ST f y Ast 

9 

4 ( C|y 4 0, 

®iir 


X 


u 


0.42 orO, 


(4,22) 

\2 


Ast ^d 


1 -0 . 42 d 


(4.23) 


C::Ir 


^:.ir 

1C' 




■u 


[ p2 + o2 + 4 { 

L <=fy + ‘^Ast °d ^ ^ 1 _0.42 V /a J 


u' 


4.5 Probajllistio Design o f an. Egpm eA. Jeam^ 

Probabilistic design approach, lias already gained -the 
importance in engineering design. It is desirable that the 
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iue.-ioc, j. Dfc) proportioned keeping in viev/ of tiie variabi- 
li.;iCG in 'che po.ra'ne'Gers, It lias already been discussed in 
olio !' '0 ^io^G ceci'.'.on a.bouo the estimation of coefficient of 
Yarxc, 'j.iOii 0., moncnc o:; resistance} if the variahility of 
the par .'meters is specified* fhe momen'i: of resis'bance of the 
sec'c-ion and eirernal moment are assuiaed to follow G-aussian 
distribution. 

file probability of failure can be estimated as follows 


a 


e 


"*r 


TW 2 , 2 \ 


whei'3 i:;< an ceruernal moment. 


(4.25) 


.el.i, ' rd.'i Hi, ii’d (le'/iation by mean a.nd coefficient of 
variation and rearranging the terms Si. (4.25) reduces to 

1 


*.ir» 


z 


. * .,.ie 




(4.26) 


*0 O T* 

e 

Frobabilicy of failure = If 




x72 


dx 


I (Z) 


Where ^ is o. st .uidar 


rd normal probability function 


Z 


(Pf) 


(4.27) 
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Lean- ;< n ::iq. ( 4 . 26 ) 


‘r 

‘e 


.+ T[I-(I-z 2 0^^) (l-z2c|^J ] 


(1 - o£ )■ 


(4.23) 


So j. 0 ^ a :,iven probability of. failure and coefficient 
of variation of e:rue:::ial moment and moment capacity, the 
ratio can be calculated using Sqs. (4.27) and (4.28). 

trocedw.re 'Iven in Appendix 3 can be used for proportioning 
the sec^io;;]. a:"T,er fina^iaing the desiign moment. 


(4.26) 


o-V-t) 2 


.;r 


^ae 


Z2 

m?/m2 

lit 0 

(l-:,fVlle)^ 


- a 


Me 


] 




m2 


rap 2 1 

n.2 Mr ] 


(4.29) 


(4.30) 


-5 

i?or p.cob..bili t,v of failure 10 , 2 = -4.265 » the correspond- 


ing maAlirnffii value of Ojjg is 0.117 for Cj,|^ = 0 
(from > 1 , ( 4 . 30 )). Similarly, the maximum value of 

C-,^ 0.07 '> for G . „ = 0 (from Sq. (4.29)). 

2 1.0 


If the value under the square root in Sq. (4.28) 
is less than sero, the solution is absurd, because 
can never be a complex quantity. Therefore this puts a 
limit on and Z for the probability of failure to 

exist. 
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l.e. 1 - ( I - 2^ 0,“:^ ) ( 1 - c^, ) > 

of a real solution. 

I and z2 g|^ < 1 

and ( 1 -Z^ a^- ) ( 1 - o£ ) < 1 


0 for the 


(4.51) 

(4.32) 


At the sir,ie time, the denominator of S(i. ( 4 . 28) should also 
oe saris.; ied. That is(1 - ^ ^ always , because for a 

real solution to exist the value under the square root is 
alv/ays I'-fr'. than 1. If the denominator is negative, 
beGO:.ies negative. Similarly, if denominator is equal to 
:io:.*o, b,,r;o 'OS infi 'ute. Both cases are absurd. 

/. 2" C'i,^, < 1 

Jq. ( 4.31 ) is modified as 
2^ O^Q < 1 and < 1 

-5 

^or example, let probability of failure be 10 , for 

which 2 is - 4.265. 

? 1 
,3 < , — 

‘•n , .2 

(-4.265) 

or < 0.234 and < 0.234 . 

This is only a limit on and Ci^jg. Actually, Z , 

and Cv,o put tojetiier should also satisfy Bq. ( 4 . 32 ). So 

Sqs, ( 4 . 31 ) - ( 4 . 33 ) can be used to check whether a member 
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-.n be desl,n., fo. the .exulted probability ^aiiare 

with the yi, -on variabilities. 

4 . 6 Ixv,. 

4.j, .• 

A reotanoular boa® dosi^tned to resist an external 
no.cnt ,B0 hl.fa, is exposed to sulphuric acid of 0.1 % 

coaicon-ir.vfcion. f =415 . _ , 2 

y -/Lffli , _ 20 iT/nLii and p.j. = 0.4, 

.-'O aCrr.iln:; the momeni; of Q-i-o-nr^-o 4-u ■ 

r-oistanc*;, ox ohe Dean at the end oj 

20 yv'ari^. 


C 


30 [ 1 - exp (_Bt^ ) j 

0.01332 J 
0.50 I 
20 .ycix's 


(3.5) 


from Pin. 3.13 


f 


V = 30 [1 - e.xp (- 0.01882 n If 20 ) ] = 2.42 l/ra^ 

“ 1*14 - 0.5741 y + 0,1163 (3.21) 

"• 1.14 ~ 0.5741 X 2.42 ,+ 0.1165 X 2.42^ = 0.432 

2 


36 k|^ 
where k. 


^0 X 0.432 = 3.64 N/mj‘ 

= B. 36 


cirf 


0,37 0.37 X 415 X 0.4 


36 X 0,43 


0.43 fromC 109 ] 

0.37 fyPt 
36 kj3 


^ck ^ ^ck ^ 
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usin.-T Oq. ( 4 , 11 ) 




( 


^ ^ 0.42 X 0,37 X 415 X 0.4 ^ 

36 X 20 X 0.432 

0.42 X 0.37 X 415 X 0.4 

36 X 20 


0.379 


Alternatively, frora ?ig. 4.2 
\XV) l^^i2A2) 


-r 


i'l. 


= 0.88 


iVi ^(2 . 42 ) 


0.83 X 180 = 153.4 4il m 


^;:ajnplo^ 4.^2 

(a) Jesiqri. a ireinforced concrete rectangular beam for 
an external moment o.t 120 kiTm to survive for 20 years in a 
sulph'iiic acid of 0.1 concentration. 'The concrete is 
made with A/C ratio 4.5 and -Vc ratio 0.45. fy = 415 

q = 4.26 klf/m^, and = 73.4 l/kl. 

(b) If jhe depth of penetration of acid is limited to 
20 ram, estimate the minimum cement content required. 

(c) j'he cover provided is 25 mm. Sstimate the time 
taken for tho acid to penetrate 25 mm coArer. 

(d) I'ind out the depth of deterioration of concrete. 

Y = 2.4.2 l/m^ } 4.1 . 


= 0.432 
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(o') Let p. 


"'^ue 


X, 


ue 


0.4. 

0.37 X 415 X 0.4 
36 X 20 X 0.432 


= 0.464 from Lq. 


< k> 


Let 


b 

d 

b 




0.5s 


■ck 


b (1_ 0.42 (4. 

0 . 36 x 20 x 0 . 432 xbxd^xO . 464 ( 1 - 0 . 42 x 0 . 464 ) 
130 x 10 ^ I m 

2/3 djtheii the cibove equcition yields; 

6 1 5 


• X 615 =410 m 

/ 

0.4 X 612 X 403 
100 


1003 mni 


Alternatively, from. Zig, 4*2 

:i.(2.42) 

.A,,. 0.88 

i ’■ *: >4>* 

1 :■ 10 

= ■ ■ ■' = 205 kS m 

^ 0.;:13 

Erom . 714 . 4. 13 

= 1. 32 for = 0.4 


Let b = 2/3 cl 


( 4 . 5 ) 


12 ) 
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3 

d = f(205:rl.5.x-1oVl.32) = 6 I 4 mm 

b = 41 0 mm 

ii = 1006 


Pi'cvide b= 410 ram 

D~ 670 mm , vvh'^-re D is overall depth. 
3 bars of 20 mm 0 ejid 1 bar of 10 mm 0 

' A^t = >021 mm^ 


0 '.’ ! !'f socmioii are shovni in Pirn, 4 . Hb 
If the beam is nnemposed: 


,ij, = 180 k.i m ; = 0.4 ; b = 

f'i''.. 4.13 


'■‘‘r 

bd‘^ 

- 

1.32 

d 


5B8 mm 

b 


390 mra 

Agt 

=: 

918 mm' 

Pt’cvlfe b 


39 0 nm 

D 

= 

640 mm 

3 bars 

Of 

20 mm 0 


= 

943 mm 


Details of the section are shown in Pi.g. 4 * 14 ’ 


2/3 d 
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Co;yo of unexposed beam/m length: 

Cost of concrete = 0.39x0.64x550 = Rs. 137 

dost of sncel = 77x943x1 0"^x600= Rs. 45 

Cost of forn v/ork = (0.39+2x0.-64)50= Rs. 34 

lotal cost Rs. 264 

Coot of exposed beam/m length; 


Cost of 

concrete 

= 0.41x0.67x550 = Rs. 151 

Cos:; of 

steel 

= 77x1 021 x10"^x600= Rs. 47 

Cost o;.' 

form work 

= (0.41+2x0.67)50 = Rs. 33 



To'lial Cost Rs. 236 


Ck) 

r; 

- 

2op§_y ^ 2oob\2-if2. 

Yo t 73- ^ 

= 3-3 . 

(B) 

■^P 


25 min 



V 

= 

1 "fe p % 

2000 

from Rq. (3.o2) 


V 

:r. 

4.26 X 25 X 73.4 

2000 

'• =3.91 l/m^ 


V 

= 

30 [ 1 - exp ( - 0 

.01332 ft)] = 3.91 l/m 

Solving wo 


t = 55 yea-s 


(d) 



3 

1.47 V 

(3.29) 


Y 

== 

2.42 l/m^ 



■*^d 


21 mm 




MLE 4.1 : 


DSSI&N VMiiBLES AICD GOST OE A BSAIv! 
(D.G’IEPJ^INISTIC APPROACH) 
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Unexposed 

b ( mm ) 

390 

D ( ima ) 

640 

Agt ( ^nm^ ) 

943 

Cost/m ( Rs. ) 

264 


Exposed 


410 

670 

1021 

286 


E::_a.vip l_e__ 4,. 3_ 

Resign a R G TeC’; angular beam for an external mom'-^nt 
of 120 kf m. ilie beam will be exposed to sulphuric acid 
of 0.01 cOiicentrcVvion. It should survive for 20 yea.rs with 
a probability of failure: a) 10^, b) 10^, c) 10 , d) lo'^ 

and e) 10 Ihe coefficient of variation of externail moment 

is 0.15, and that of steel is 0.05. 'lake p^- = 0.3, 

= 20 H/mm^ iind f^ =415 

A = 50 ; B = O.OOT-anhC = 0.5 from Pig. 3.13. 

Y = 30 [1 - exp ( - 0.007 Y20) ] = 0.925 l/m^ 

-- 1.14 - 0.574 0.925 + 0.1163 x 0,925^ = 0.71 

C^ck “ 0.4614 - 0.028 f^j^. + 0.000489 fck (3*34) 

6 2 

= 0.4614 - 0.023x0.71x20 + 489x10" x 400x0.71 = O.I63 

, (3.4) and (B,5) 


Prom 3qs 
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X. 


’ue 

dT* 


C 


xu«d“ 


415 X 0.3 

0.543 X 20 X 0.71 X 100 

^ ®fy + "folc + Ob + 0^) 


= 0.431 < K 


(4.18) 


= iT ( 0 . 05 ^ + 0.163^) = 0.170 




ue 




op p 

of,, + 0, , + of + ( 

-1-7 Aso d 


0.42 2 


1-0.42 X 


) 


ue/d 


P 0.42 X 0.431 X 0.17 2 
0.05 + ( ■ ' ) 


1 - 0.42 X 0.431 


(4.24) 

O.O 63 


(a) P, 


10' 


-4 


2j = 


(10""^) = - 3.72 


^le = 


y. 

Me 


^ *^Mr ~ 0 , 063 . 

1 +f [ 1 -( 1 -s 2 a| 3 ){l-z 2 o 2 ^)] 


( 1-7 ) 


(4.23) 


1 + ^ (1-0.688 X 0.945) 

0.945 


= 1.69 


Alo'ernatively, from Pig. 4.11 M^/M^ = 1.69 for the above 
details. 

/, Design moment = 1 .69 x 120 = 203 IcH m 

Let b = 2/5 d 

= 0.543 f^i^ Tf 2/3 d^' . 0.431 (1-0.42x0.431) 


= 1.3135 d- 


203 x 1 0 ° D mm 


d = 432 m ; b= 322 mm ; Ag.(. - 1 242 mm‘ 
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P::o/id3 b = 325 mn ; D = 535 mm ; 

4 nos. 20 3mn 0 ; = 1256 mm^ 

D- 3 ills of section are shown in Pi;'?. 4.15d. 

Cose; oi beari/m Icnreh; 


V 0 S 'lb 

O.C ooic:’ete 

= 04325x0.535x550 

Rs. 96 

Cos "I; 

of srerl 

= 77x1 256x1 0“^x 600 = 

Rs. 58 

Cost 

of forn work 

= {0.325+2x0.535)50 = 

Rsi 70 



I'otsJ cost 

Rs .224 


(b) 




10 


j'l 4.1 


1.308 for Cj^jg = 0.15 and ^ 3 , = O.O 63 


Og mom ni-’; 


Lr: 


b 


d 

b 

Provide b 

4 nos 


1.'303 r 120 = 216.24 m 


1/5 d 


V ( 21 6. 24^31 0^1. 31 35) 


493 nm 


= 323 mm ; = 1294 

= 330 mm ; P = 550 mm. 

20 iimi 0 bars + 1 no. 10 mm 0 ba 3 : 

= 1335 mm^ 


Petails are shown in Pig. 4«15e. 



11 


oi be. 

.-..■p./n length; 



Cast 0 : 

:: concrete = 

Rs. 

100 

Cooi; 0 : 

f steel = 

Rs. 

62 

0 0 ',‘.j 0 

f lorm v^ork = 

Rs. 

72 


lotal cost 

R.S. 

234 


(c) == lO"^ 

. = 1.924 frO'.i 9*1 g. 4.11 

'‘e 

-1*’"' '■! n'.-nt - 1.924 x 120 = 230.82 klT m 

;«9, b ■» 9/3 9, 




d 

- 

Y (2 

30.82X10V1 . 

3135) 

= 

503 mm 



b 

rr. 

335 

mm ; 

‘^st 

= 135 c 

r 

) 

) 

r... 

ovi'.lc 

Q - 

335 

imm ; 

D 

= 560 mm 




0 

1103 

. 20 i 

.nm 0 b 

ars + 

CO 

0 

1 2 mm 0 bar! 


. . 

A 

at 

1 

* 'j 

r- 2 

3 mm 





Je 

0 ; i 1 

G 

ob 'll 

h.'‘ sc'i 

c cion 

are siaovm in 

Rig, 

4.15f . 

Co 

at 0 

r 


/ill le 

ngth : 






Co 

3 w 

of 

concr^ 

ete 


= 

Rs. 

K^ 

0 


Go 


of 

s-'ieel 



= , 

Rs. 

64 


Co 

S't 

of 

•forra ' 

0 

H 


= 

Rs. 

73 ■ 







Total 

cost 

Rs. 

240 
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(d) Pj = 10 "^ 

P :oH 4.11 lyivlg = 2.035 

:i_j, = 2.035 .X 120 = 245 kS n 
L" u b ■= 2/3 d. 



a 

= T (245x10^1.3135) 

= 513 

nm 


b 

= 342 mm ; Ag-j. = 

1404 mm^ 


P:’0 

ido b 

= 345 m;;i ; D = 

570 mm 




Os. 20 mm / bars + 2 

nos. 10 inm 0 

* 

V 

If 

.«4r. 

1 

l%3 



■; 

1,1;. 0,'" 

tho sections are shown in 'Pig. 

4.' 


Cos 

of beam/ra leiir'ch: 




Cos 

V o" conc'‘ete = 

Rs. 103 



Oos 

t of steel = 

Rs. 65 



Cos 

t of form work = 

Rs. 74 




Loral cost 

Rs. 247 


(e) 

Pf 

-8 

= 10 ' 



Jk;0'^ 

i 4 

.11 ays^ =2.15 





= 2.15x120 = 253 . 

kil m 


Let 

b 

= 2/3 a 




d 

=^f (253x10^1.8135) 

= 522 

nmi 


b = 34S urn | ^st = ^ 
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Provide d = 350 mm ; D = 575 

4 nos, 20 mm 0 bars + 1 no. 16 mm 0 bars 
= 1457 mm 2 


Details 

of “uile 

sec cions are shovm in 

Pig. 

4.15h 

Oo s ^ 0 

beam/rn 

len;2'ldi : 




Cost 

of concrete = 

Rs. 

111 


Cost 

of steel = 

Rs. 

67 


0 0 1 j -j 

of fom work = 

Rs. 

75 



fobal Oosc 

Rs. 

255 


70i.’ co.nparison purpose, deterministic design of 
a) exr'.'Oood , b) unexposed beam and c) probabilistic 

desi n of unexposed beam are carried out as follows, llie 
other details are same as given in Example 4 . 3 . 


(a) luj, = 120 X 1.5 = 130 kN m 

Prom :nr. 4.2 , H^(0.925) / = 0.315 




180 

Design 

moment 

= --■■.= 221 kE m 


bd2" 

0,315 

4 * 1 2 5 

= 2.40 fo?: p^ = O.S 


Let b = 2/3 d 

d = "f (221x10 x1.5)/2.40) = 517 nnn 

b = 344 mm j A^-^j = 1423 imn. 
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Pio/ide b = 350 mm 

; 0 

= 570. mm 

4 hop. 2Oii]m0bars + 1 

no* 

16 mm 0 bar 

- ' ■'^st “ 1457 mm^ 

01 “Gilo socbion aro sliowii 

in Rig. 4.15b. 

Cost of beaTi/m length; 

Cost of concrete = 

Rs. 

110 

Cost 0 -^: steel = 

Rs* 

67 

Cost of form work = 

Rs. 

74 

Total Cost 

Rs* 

251 

(b) = 120x1.5 = 130 kN m; 

let b = 2/3 

-‘ill 

j'rom 2i ”, 4.13 = 2.40 for 

bti2 

'^t 

0.8 


3 ^ 

d = Y(130x 10 x1.5 /2.4-0) = 4-B2 -imn 

2 

b = 321 mm ; Agt = 1243 mm 

}’-u /ide b = 325 mm ; 0 = 540 mm 

2 

4 :jo 3 . 20 mm 0 b...rs ; Ag^ = 1 256 mra 
0£t...;il3 a'-e .AS showm in li'i':-. 4. 15a. 


Coat 0 " bcam/m length: 

Host of concrete 
Cost of steel 
Cost of form work 


Rs. 97 
Rs. 53 
Rs . 70 


Total cost 



(c) Probabilis-Jic design of unexposed beam 


10 


-5 


%e - 0.15 


X. 


^fck" 

11 

d 

'xua 

1 

- 

h 


0.4614 - 0.028 X 20 + 0.4S9 x 10~3x400 = 0.10 


415 X 0.3 


- 0.306 < kv 

0.543x20x100 ° 

- , ? 0 

H 0.1 +O..Q5 ) = 0.112 

j 2 ^’^2 X 0.306 X 0,112 2 l 4 

= I 0.05^^ + ( -- )*" " = 0.053 

L 1 - 0.42 X O. 3 O 6 J 


1.750 from Pig. 4.11 


t f 


d 

b 


1 .760 X 120 


21 1 , 2 kI1 m 


2 'K 

0.5427 X 20 X d^ xO. 306 (1-0. 42x0. 306) 
21 1 . 2 X 10^ N mm 

(211.2x1oVl.93) = 479 mm 

319 mm ; “ ^224 mm2 


i?7:0'*/ide 

b = 320 mm ; D 

= 

530 mm 


4 ios* 0 :: 20 mm 0 bars ; 

■^st 

= 1256 

Jetailr. 

ar:a shovni in Pig. 4.15c. 



Cost of 

bccdTi /m length: 




Cost of concrete = 

Rs. 

94 


cost of s'ceel = 

Rs. 

53 


Cost of Eorm work = 

: Rs. 

69 


fotal Cost 

Rs, 

221 


i’he design variables and cost of all tlie beams of Example 4.3 are 
tabulated in fable 4.2. 
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a.nd_ ,'^iscussijDn 


The ’’atio oT momi-nt capacity of oji exposed besan to 
unexr oscd oeo"i ct.n be obtained using Figs. 4,1 to 4.3, if 
the i.Ci'cr-ata io o:': steel, acid consumed by concrete and 
yiel > “t of steel are specified. It is found that 

at l.f, I.O, 0,:’ percentc.pe reinforcement for ff 250 , 415 

AJ 

and y.i'J gr" es, both sections become over-reinforced and 
hence no imp. ovsiient in moment capacity. It can be seen 
from the j'i s, 4.1 to 4*3 that there is a distinct change in 
n., a point v/hc’.s the exposed beam chsmges from 
Uiiuo.i.’-r iin,;.') o nl to over-reinforced, whereas the unexposed 
one is still undcr-reinf orced. The range of Y considered 

O 

is 0,0 uo -.’,5 l/m*^. As lonj as both are under-reimforced 
the effect o.f acid on moment capacity is less when compared 
to £ siruation in which one beam is over-reinforced and 
the other is Luider-reinforoed, Wien both aire over-reinforced 
the ratio is proportional to r^ . A typicad curve showing 
the variation of monrnt capacity with redaction in concrete 
as^rongt:' is shown in I'ig. 4.4» Th^? rate of decrease in 
moment capreiuy of under-roinforced section is less compared 
to fvhat of over— reinforced sections. The rate of decrease 
of c. uronjfch increases with increase in percentage liension 
reiiiforcenient. The rate of decrease in over-reiniorced 
sections is proportional to the strength reduci-ion lactor. 



example ii. -die reduction in streng-bh of concrete is 
10 70 , i,he rec'Ucoion in moment capacity is 1,1 % , 1.5 and 
2,4% -.Or p.|. - 0,4 , 0.6 and 0,8 respectively. Similarly » 
fOj. a s :^r( .,ig uh reduction of 60% of concrete the momen'c 
cap^ciu./ is srme _or all the above three reinforcement 
ratios, because 'liiey become over-reinfo]?ced sections. 


i'iTure 4.5 can be used to find the miniraum cover 
required for a given exposure condition and life of a 
member. Otherway, the expected Ufe of a member of a 
stinicturo based on cover thickness criterion can also be 
estimated, i'or example; if t^ is known, Y can be obtained 
and tiur.i by usinx fig. 3.13 and 3q. (3.5) the time t in 
yeax's can be obtained for the given conditions. This time 
is nothing but the time required for the acid to penetrate 
to a depth, tp. So this can be taken as a life of -l-he 
sti'ucture. If the acid penetrates to the level of steel, 
corrosion is initiated and the deterioration of the me-mber 
accelerates due bo acid attack as well as swelling attack 
cau’oeci by rust in;: of steel. 

In the deterministic design, if the required moment 
of resistance and the strength of concrete and steel are 
known, the membei- can be picoportioned using nqs. (4.5) £-nd 
( 4 , 12 ), For unexposed beamsSqs. (4*1) ( 4 . 4 ) 02 ? any 

standard design tables can be used. Using appropricii.e 
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eq uxiion tvom (4,13) to ( 4 . 24 ) the coefficient of wiatlon 


of I.U call be 


Ccilculated, if the statistica.1 variat 


ion 


in desirn paranetcrs is specified. After obtaining it, 
the ratio can be interpolated using j'igs. 4.6 to 4.12 


A,oi wii.3 C 0 c‘...,icie 2 iu of variation of external raoment and 
probability of ..a^ilure* lliese cover proba^bility of failuro 


in ihe range of to 0.5, 0.0 to 0.175 and 0.0 

to 0 , 150 , I’G can be seen that, if the variabiliGy of moment 


capaci'Gy and e:cGerna4 moment is more, it is not possible 
to desi -n for higher reliabilit-y, ]?or ei.-niiple, if 
is 3j C-jJq 0.1 and = 0.1 5 the member cannot be designed 
for p;:’Ob:;rdli ,;y of: failure less than 0.5(10 (fig. 4 , 9 ). 
Simila,;::'!’/ :.'or = 1*5 , probability of failure = 10 


the possible combinations of 0-^^ and arerO.O, 0,073,* 


O 4 O 5 , 0.07; 0.075, 0.06 ; 0.1, O.O 4 I; 0.117, 0.0* 'Ibis 
can also be verified using the 3cis. (4.29) to (4*33). 


Aluliough standard design tables are available for 

2 

propor- lionin.i uhe neraber, design charts for f^^^ = 20 N/mm 
and 415 h/mm ■ are included for quick reference. The 

J 

results ot iii'ample 4,2 are tabulated in fa^ble 4.1. Example 


4.2 is a design of an exposed and unexposed beam by 
deterministic cippj.’oaoh. The strength of concrete is reduced 
by 57 % j whereas the cost is increased by S»3% (compared 
wi Gh an unexposed one). Both c?coss-sec oions are shov'/n in 



126 


Fi3. 4.H. 
study the 
approach. 


A desi,.n example (jUxainple 4-. 3) is taken up to 

.-xon oi cost of beam designed by probabilistic 
In o.iis, both exposed and unexposed ones are 


s !;uaied. 
purpose. 


. 3 .. te.Ciainis uic design is also included, for compa.rison 
~iiB siz©' 01 cross— section for rarious cases are 


shown in oigr. , 4* 15a - 4»15h, figure 4»15a a,nd b a,:ce the 
Ci0s3 secuioifeof unexposed and exposed ones designed by 
deterministic approach. The reduction in strength is 23% where 
as the inc case in cost is 10 ^0 . figure 4,15c is the 

cr03!:5 section of an unexposed beam designed by probabilistic 

-3 

api roach : or a p..’ODabili;;y of failure 10 . The cost of an 

Uiie;: posed beam by both .nethods has turned out to be almost 
same, ?i;-:urc3 4. 15d to 4*15h are cross sections of exposed 

beams designed by probabilistic approach for probability 

—4 —5 —6 —7 — S 

of failure 10 , 10 , 10 ,10 and 10 respectively . 

from fig, 4 * 16 , it can be seen that the cost of an exposed 

beam increases with increase in reliability* But the rcite 

at which it increases is more in higher probabilities of 

failur'* and decreases while approaching towards lower ones. 

The cost of an exposed beam designed by probabilistic approach 

is compared with the unexposed one designed by deterministic 

app.roach. The increase in cost is 0,0% , ^% j 6.7% , 

-4 -5 

9.3 and 12.5% for probability of failure 10 , 10 , 

10 - 6 ^ 10-7 10 '"'^ respectively. 




CONSUMED (fy = 250 N/mm^) 


= 20 N/mm^ 



FIG. 4-2 VARIATION OF M^CV 



V (Its/m^) 
/Mr WITH AC 




60 



-7-0 • -5-0 -3‘0 -1-0 

Ln (Pf) 

FIG. 4-6 VARIATION OF Mr /Me WITH PROBABILITY OF FAILURE (Cmp^ 0-0) 




13S 




WITH PROBABILITY OF FAILURE 








FIG. 4.14 BEAM CROSS SECTIONS FOR EXAMPLE 4.2 
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FIG- 4.16 VARIATION OF COST OF BEAM WITH PROBABILITY OF FAILURE 


CHiPlER Y 


PROBABILI’TY OF FAILURE AKD HAZARD RATE 
OF A DEIERIORAIH'TG UmBER 

5.1 

In engineering structures uncert.iinities invariably 
occur through either strength or loading or both. 'The structures 
are to withstand vagaries of nature also. Certain loads can 
be estimated deterministically within a reasomble degree of 
accuraoy. But most of the loads are random in nature. 

Similarly, steel manufactured under controlled environment 
has low. coefficient of variation compared to concrete. So 
the data on strength .and forces are required to establish 
the variabilities. The observed data on a particular type 
of structures are useful in establishing the appropriate 
behcoviour of those structures. This data can also be used 
in decision analysis. Procedure for finding out the 
probability of failure, probability density function and 
hazard rate of a deteriorating member is presented. Examples 
are worked out to explain the use of expressions developed, and J 
to incorporate the knDT,¥n data in determining the probability 
of failure. The coefficient of vari3.tton of 0,1 for external ! 
moment and 0,05 in characteristic yield strength of steel ; 
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are used. Tiie coefficient of variation of concioete strength 
is calculated for each case. The results are tabulated in 
Tables 5.1 - 5.4. Reliability, cumulative probe’oility of 
failure and hazard rate of a deteriorating member are 
calculated. 

5 . 2 Es;tima;bipn of , jPr Eayuire 

let ond fjij^Cmr) be the probability density 

functions of external moment and moment of resistance 
respectively. These two distributions are assumed as 
Gaussian distributions [l10 1 . 

Probability of failure = p = P (M^ < 

or P(Mq-M^, < 0) (5.1) 


The overlapping area between the two functions shown 
in Pig. 5.1a is nothing but the probability of failure P, 

The probabilif-y of an external moment lying in a. small 
interval dMg is (Pig, 5.1b) 


P(M, 


eo 


_dl.le dMg 

5-. ^e S. ^^eo "’2 " ^ ~ ^Me^^eo^ *^'^e 


(5,2) 


The probability that the resisting moment less than a certa.in 
external moment is 
M 

I{ll3,<MeP=^ dMj, 


(5.3) 




FIG. 5-1 (a) INTERFERENCE OF EXTERNAL MOMENT AND 
MOMENT OF RESISTANCE 

(b) ENLARGED DIAGRAM OF INTERFERENCE AREA 
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Ihe probability for the external moment lying in the 
interval dM^ and the moment of resistance not exceeding the 
external moment given by rhe sma.ll interval dMg is 


%Ie ^^eo^ ^q[ / dM^ J (5.4) 

(Because ext ernal moment and moment of resistance are independent; 

Bow, the probability of failure of the beam is the probsibility 
that the resisting moment less than the external moment 


M for all possible values of M is given by 




M, 


eo 




dl/L 


OO 


/ S', 


Ifc 






dil. 


(5.5) 


Alternatively, one can calculate the probability 
of failure on the basis that the external- moment is more 
than the resisting moment. The probability that the moment 
of resistance within a small interval diMA is 
dM <^^3- 

P(E^o- + — -0 = (5.6) 

The probability that the external moment greater than 
is given by 

OO 

P(H3>M^o> = / %eK) “e ^5.7) 



H7 


The probability of lying in the small interval and 
external moment exceeding is 


C ^ %e “e ^ 


(5.8) 


■^T*C 


Therefore the probability of failure of the beam for all 
possible values of is 


P = _/ I '^'^r 


_co 


•“ro 




= / %lrK^ “r <5.9) 

— oo 

The other v/ay of finding the probability of failure 
is by considering a new random variable function of Mg and 
m = mg - (5.10) 


mg and m^ are random variables, so their mean is also a 
random variable with 


mean = M 
variance s-h 

I'd 


Mg - and 

2 + o2 

SMe ^Mr 


Probability of failure of a beam = P(M > 0 ) (5.11) 

^ \ ”* r ^ mtm_-M 2 

%(m) - — ^ - exp[ ~ ( ' . h -.®. ) 

^2%, sjyfg . V 271; . sj^ _oo 2 s^^g 


m„ M ,2-1 

+ ( ] dlL 

Sir 
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1 


1 iVip 2 2 

.. . . exp [~ - ( -■ ' ) + ( . .®) ] . 

2itSM.SM^ 2 SMe 


^Me Mr 

cx> 

/ exp [' 


1 in^(s^ +s^ ) M,, m - Mp p 

1 aj^ ( -I . + dji^ 

2 4e-4r 


®lilr 


^le 


(5.12) 


and this v/ill further simplify to 

1 


%l(m) 


T 2m(s|^+s^j^) 


exp [ 


Me 


^{.T(4e'"4r^ i 


(5.13) 

let pj_ be the probability that the beam has f^iiled in 
the year i given that it has not failed preior to ith year 
and Ej_ be aai event of the failure of beam in year i [111 ] 


/. P [Ei] = Pi and P [i ] = 1 - Pi 


(5.14) 


where bar over the variable indicates the complement of 
that event. 

Probability of survival of the beajn in first year is 

P [i.^ ] = 1 - p., ■ (5.15) 

Probability that the beam does not fail in either of first 
two years is ' 

p [e., n = p[e^ ]p[i2 I s., ] 

= (1-P>i ) ('i-P2^ 

(Because E.j and Eg independent events). 


( 5 . 16 ) 
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'"-P [survival of beam through 3 years ] = R(j) 

= p |s n i ni„ iie. j (5.17) 

“1 23 D J 

By using simple extention of Eqs. (5.15) and (5.16), 

Eq. ( 5 . 17 ) becomes 

R(j) = -J (1 _ ) (5.18) 

i=1 

P [ failure of beam in 3 years ] = Pj 
= P [ I survival upto (j-1 ) years ] 

= p [E^ I s-, n % * 1 (5*19) 

P [failure of beam in 3 th year for tlie first time] = f(j) 

= P[ no survival in 3 | previous survival ] 

P[ previous survival ] 


P- 


D-1 

. n 

I 

i=1 


(1 


-Pn ) 


( 5 . 20 ) 


Suppose tile beam has survived (probability of failure 
is zero) in the first year means p>| = 0 which also 

implied f(l) = 0. Similarly 4-t bas survived in first 
two years p^ = 0 ; P 2 ~ ^ , therefore f(2) = 0. By simply 
extending, equation (5. 20) can be modified as 

f( 3 ) = p5n (1 -pj^) (5.21) 

i=5[s+1 

number of years survived. 


where Bs 
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Hazard rate H(i) is defined as the ratio of number 
of failures during a particular unit interval to the average 
population during that interval [ 110 ] 

For discrete case 

2 pj^ 

H(i) = (5.22) 

R(i-l)+ R(i) 


For continuous ca.se 


H(i) 


f(i) 

R(i)‘' 


5.5 1,Q s 


(5.23) 


Example 5.1 

Design a reinforced concrete rectangular beam, 
simply supported on both edges with a span of 6 m, to carry 


a live load of 20 klT/m. Use concrete M20 grade and 

p 

fy = 415 U/™m . Calculate the probability of failure of 

the beam for G-,- = 0.1. 

Me 


live load = 20 kU/rn 

Dead load = 5 kU /21 (inclusive of a.ll) 

■Total load = 25 kU/m 


jy — 

•^ck 

Design load = 


20 U/mm^ 

25x1 .5 = 37.5 kN/m 
37 .5x6x6 


= 168.75 kU m 


-7 Maximum bending moment = 
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“r 

d 

b 


= 0.48 for fy. = 415 [ 109 ] 

= 0.36 bd^ k^(1 - 0.42 k^) 

= n8395 for b = 2/3 d 

= ^(168. 75x10^)/l .3395 ) = 451 mm Say 455 mm 


X 451 


300 mm 


St 


0.36 b a 


0.87 f, 


0,36 X 0,48 X 20 X 300 X 455 


= 1 295 mm^ 


415 X 0.87 

Provide 4 mos. 20 mm 0 bars and 1 no. 10 mm 0 bar 

2 

r. dotal steel area provided = 1335 mm 
Moment capacity of the section without partial safety 
factors is computed here 


b = 300 mm 

■^st ~ mm‘ 

1335 

Pt = 


d = 455 mm 


X 100 = 0.98 


bd2 


300x455 

3.43 for P.J. = 0.98 from pig. B.2 


= 3.43x300x455 x10~ 


= 212,5 kIT m 
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Calculation of coefficient of variation of 


415 X 0,98 
54. 27 X 20 


0.375 < kb 


Let G 


'fy‘ 


0i05 


°fok = 


''xud 


= . f(0.05^ + O.l'^) = 0.112 


"Mr 


= [0.05^ + ( 


0.42 X 0.375 X 0.112 


2 i 


1 - 0.42 X 0.375 


) ] = 0.055. 


5. 

i” 


212.5 

112.5 


= 1.89 


1 - 


fa 

M. 


1.0 - 1.89 




^ , T(0. 1^+0. 055^x1. 89^) 

m 2 Mr 

e - 6.172 2 

Probability of failure = / e^^^dx=0,354x10^ 


6»172 


E xample 5.2 ; 


Design a reinforced concrete simply supported beam 
of 6 rni span , exposed to 0.01 % concentration of sulphuric 
acid. The design load is 25 klT/m. The beam has to survive 
for 50 years. Use concrete grade M20 and f y ~ 415 U/mm . 
Calculate the probability of failure of a beam for = 0.1. 


= 163.75 kU m(from previous example ) 

for 0.01 io concentration of sulphuric acid the constants are 

B = 0.007 and C = 0.50 from Pig . 3.13 . 

t = 50 years 
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V 30 [i ^ exp ( O 4 OO 7 f50 ) ] = i.449 

= 1.14 - 0.5741 X 1.449 ~ O.II 63 X 1 . 449 ^ = 0.552 

= 0.48 ; b = 2/3 d 

2 ■:?; ^ 
= 0,36 X 11.04 X “ d'' X 0.48(1-0.42x0,48) = 1.015 d^ 

d = \(168. 75x10^ / 1.015) = 550 mm 

b = 367 mm say 370 mm 

11.04 . 

Ag^ = 0.198 X 367 x 550 x = IO 63 mm^ 

Provide 3 nos. 20 mm 0 and 2 nos. 10 mm 0 bars. 

2 

Total steel area provided = 1100 mm 


Moment capacity of the section is computed for the 

following properties. 


b = 370 mm ; d = 550 mm ; Ag^ = 1100 mm 



1100 X 

100 

0.54 

Pt ~ 

I 

0 

550 


’== 

2.055 

for p^ 

= 0.' 

II 

2.055 

t 

X 370 X 

2 

550^" 


-6 


from Pig. B.2. 
= 229 kU m 


Calculation of (\!^^ 

x^ _ 415 X 0.54 

54.27 X 20 


let G^y = 0.05 and Gj^^k ” 0«10 
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c , 

xud 

= Y'(0.05^ 

+ 0.1^ ) = 0.112 

Mr 

= [ 0.05^ + 

0.42 X 0.207 X 0.112 p 
( ) ] =0.052 
1 - 0.42 X 0.207 

^^e 

229 

112*5 

= 2.036 


1-2.036 

+ 2^036^. 0.052^ ) 

“7 •14 0 / 

Probability of failure = / e”"^ dx = 0.-32x1 0"*"^ ^ 

.-DO 

^ • 4- R esults and Discussion 

Pigure 5.1 is an interference diagram, used in 
deriving the probability of failure of a member. Pigure 5.2 
shows the typical interference diagram of a deteriorating 
member. The ordinate pj^ shown in Pig. 5.2 is nothing but 
the int erf erence ■ area of that year. In this diagram mean 
value of Mg is taken as constant with time. However for 
actual case the diagram can be drawn if the magnitudes are 
specified. The interference area of any year is independent 
of the previous year's interference area, because the 
estimation of external moment and moment of resistance do 
not depend upon previous values. The application of the 
equations ( 5 . 13 ), (5.21 ) and (5.22) is discussed through 
examples. Pour cases were studied. In the first case 
the probability of failure is constant in each year. 
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FIG. 5-2 TYPICAL (a) INTERFERENCE AREA, (b) PROBABILITY OF 
pail IIRF AND (c) PROBABILITY DENSITY FUNCTION OF A 
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The second and third cases are that the probability of 
failure in each year remains constant up to 20 years, and 
it changes after 20 years due to reduction in strength _by 
20 % in one case and due to increase in load by 20 % in another 
case. Ihe increa,sed probability of failure remains constant 
in each year from 21st year onwards. In the fourth case 
external moment is constant throughout, and the moment of 
resistance decreases with time due to deterioration in concrete 
strength (Pigi 5 *5)* In all the cases, the effect of survi-val 
for the first 10 years, 20 years, 30 years and 40 years on 
cimiulative probability of failure was studied and tabulated 
in Tables 5.1 to 5.4. 

In the following discussion, a comparison is made with 
the cumulative probability of failure calculated at the end 
of 50 years. Prom Table 5.1 one can see that a reduction in 
cumulative probability of failure is 20 % , 4-0 % , 60 % and 
80 % for the cases that the beam has survived for the first 
10 years, 20 years , 30 years and 40 years period respectively. 
If the probability of failure is constant (say Pj_ = p) the 
cumulative probability of failure at the end of the tth year 
is approximately equal to pt. So is the case discussed 
above. Because, out of fifty years of life, if it has survived 
for the first 10 years, the cumulative probability of failure 
is (50 - 10 ) p = 40 p, a 20 % improvement. In cases two and 
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TABIiS 5*1 J cmiUMTIVE PROBABILITY OP PAILURE OP A BPA!I 


SI. 

No. 


1 

2 

3 

4 

5 

6 

7 

8 

9 




HAYING 

CONSTANT 

STRENGTH 

THROUGHOUT ITS LIPS 

Year pj_ 


Cumulative probability of 

failure 


Number 

' of years survived 




0 

10 

20 

30___ 

40 


x10“^ 

_o 

xIO 

xlO"^ 

xIO"^ 

xIO"^ 

x1 0”^ 

1 

0.354 

0.354 





10 

0.554 

3.540 





1 1 

0.354 

3.392 

0.354 




20 

0.354 

7.076 

3.540 




21 

0.354 

7.429 

3.392 

0.354 



30 

0.354 

10.613 

7.076 

3.540 



31 

0.354 

10.967 

7.429 

3.892 

0.354 


40 

0.354 

14.151 

10.613 

7.076 

3.540 


41 

0.354 

14.505 

10.967 

7.429 

3.892 

0.354 

50 

0.354 

17.689 

14.151 

IO. 6 I 3 

7.076 

3.540 


10 



TABLE 5.2 : GUMULATIYS PROBABILITY OP PAILURE OP A BEA!>^ (STRENGTH DEGREASES 
BY 20 PERGENT AFTER 20 YEARS) 
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TABLE 5.4 : CmfJLATITE) PROBABILITY OP FAILURE OF AN EXPOSED BEAM 
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three the improvement is almost zero upto 20 years of 
survival and reduction of about 53.55 % and 61 % for 50 years and 
40 years of survival respectively, can be observed. In 
both cases the probability of failure is 5.54x10”"**^ upto 
20 years and 42x10” in case, two and 7x10“ in case three. 

Since the probability of failure for the first 20 years is 
much lower than the later probability of failure, its effect 
is almot negligible in the improvement of cumulative 
probability of failure. In case of an exposed beam the 
first 20 years of survival shows practically no improvement. 
But there is an improvement of 2,84%and 13,7^for 50 and 40 
years of survival respectively (Table 5.4, I’ig* 5.4), I'or 
the exposed beam, reliability/ cumulative probability of 
failure and hazard rate are plotted in Big. 5i4i Sections 
a-a, b-b, c-c and d-d are the places where the known data 
is included. Bor example, at a-a, the curves are drawn 
after including the data on survival of the beam for the 
first 10 years. Similarly b-b , c-c and d-d are for 20 years, 

50 years and 40 years of survival respectively. 
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GOEGLUSIORS 

Acids react with cement paste and form calcinm, 
aluminium and iron salts and silica gel. Sulphates react 
with cement paste and form insoluble and voluminous products. 
The volume increase causes the concrete to crack and spall* 

Due to sulphate attack, sulphoaluminate corrosion and g 3 ?psum 
corrosion take . place. In addition to these, magnesium 
corrosion also occurs when magnesium sulphate reacts with 
concrete. Sulphuric acid has dual affect. Goncrete in 
0,1% concentration of sulphuric acid increases in volume 
and shows a slight increase in strength, ?/hite fins are 
formed on the surface of the exposed concrete. In higher 
concentrations of the acid the dissolving attack dominates 
the sulphate attack. Therefore, the above observations 
can not be seen. However, yellow colour formation, during 
titration for determining strength of acid > is commonly 
observed. In 5 % acid the mortar gets dissolved upto 
greater depths. Corrosion mechanisms can be used to develop 
deterioration indices. The stoichiometrical relations of 
various chemicals discussed in Chapter II are used to estiraate 
the amount of a chemical required for saturated reaction with 


c ement 
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IPhe experimental results on consumption of acid, 
weight loss, strength loss, reduction in size of a cube 
enabled to develop the expressions to estimate the strength 
and weight reduction factors,' depth of penetration of acid, 
depth of deterioration of concrete and coefficient of 
variation of strength. All the above indices are expressed 
in terms of consumption of acid. Therefore, if once the 
acid concentration is specified, all the indices can be 
calculated. Ifot only that, the method adopted in estimating 
the above indices takes into account , variations in cement 
quality and quantity, water cement ratio and concentration 
of a chemical. The strength reduction factor is defined as 
the ratio of strength of an exposed concrete to 28 days cube 
strength of concrete. Similarly weight reduction factor 
is the ratio of weight of an exposed concrete to 28 days 
cube weight of concrete, linear rate of reaction (with 
depth) is assumed which means a saturated reaction of 
concrete at the surface and no reaction at some depth 
(defined as depth of penetration of acid). If the acid 
penetrates to. the level of reinforcement, corrosion will 
be initiated. So it is essential to design proper cover 
to protect the reinforced steel. The expression for depth 
of penetration of acid can be used in designing the cover. 
The strength reduction factor is useful in proportioning 
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the member for a specified exposure. Strength reduction 
factor and depth of penetration of acid can be used to estimate 
the life of a .structure. In most of the exposed concretes, 
the damage starts with the surface and the life of a structure 
depends upon the extent of surface damage and depth of damaged 
concrete. Acid dissolwes the surface mortar. Initially 
surface is scalled off. Further, mortar is dissolved deep 
inside. Due to this dissolving attack, concrete strength is 
not uniform and the standard deviation of strength increases 
with increase in deterioration* Because, the dissolving of 
mortar causes the concrete to get disintegrated and results 
in non-uniformity. Therefore the expression developed 
to estimate coefficient of variation of strength has 
considerable importance in probabilistic design of exposed 
beams. 

In an under-reinforced concrete section the neutral 
axis depth is proportional to the percentage of tension 
reinforcement. But the moment capacity of the section 
increases at lower rate than the neutral axis depth. 

Therefore ,the rate of decrease of moment capacity of an 
exposed beam increases with increase in tension reinforcement. 
It is found to be higher in over-reinforced sections than 
in under-reinforced sections. The ratio of moment capacity 
of an exposed beam to that of an unexposed one increases at 
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cost is 2.6 , 5.6 % and 8.2^ for 10, 100 and 1000 times 

increase in reliability respectively. 

Probability of failure of a concrete beam (ejcposed 
to normal environment and fixed load pattern) is expected 
to be constant with time, if the variations in loading 
and strength remain constant and incorporated in the design 
through partial safety factors^ Oumulative probability 
of failure at the age of 50 years of the structure is 
calculated and used for the purpose of comparison. The 
survival of a beam for the first 10 years is found to be 
20 percent! Similarly 20 years i 50 years and 40 years of 
survival has 40 % , S0% and 80?^ reduction respectively! 

Suppose the load on the beam is to be increased or the 
strength deteriorates suddenly, it is desirable to 
recalculate the cumulative probability of failure incorporating 
the actual conditions to assess whether the member is safe. 

It is found that 20'^ sudden decrease in moment capacity 
increases the probability of failure from 3 (10 ) to 

42(10 ). Similarly a 20 % sudden increase in load increases 

the probability of failure from 3(10 ) to 7(10 ). In 

exposed concrete beams, the strength of concrete deteriorates 
with time, which in turn reduces the moment capacity of a 
section. Therefore, the probability of failure increases year 
by year. Continuous deterioration of concrete, about 45 
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increases the probability of failure from 3(10"'^'') to 
““7 

8 (10 ), Estimation of probabili1;y of failure incorporating 

the observed data is useful to decide for how long the 
structure can be put into use in future. 

S cope for Further Study 

Inspite of the research on properties of concrete 
being in progress for the last many decades, the real 
mechanism of behaviour of concrete in aggressive chemicals 
leaves wide scope for further research. The following areas 
can be explored. 

(1 ) Effect of sulphuric acid on different concretes 
made with various cements. 

(2) Extension of the procedure explained in this 
thesis for other acids, salts and seawater. 

( 3 ) Effect of aggressive chemicals on reinforced steel 
embedded in concrete and its repercussions. 

(4-) Measurement of actual depth of penetration of 

acid with sophisticated technique, to help in the 
design of members for durability considerations. 
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APPENDII - A 

PROCEDURE POR SS'IIrl/lTIUG Vr 

Aggressive chemicals attack the hydrated cement 
compounds. Eor determining the quantity of a particular 
chemica,! required for a saturated reaction with one kil 
of cement, the data on the quanti'fcy of each hydrated 
compound available for reaction, and the stoichiometrical 
relations of hydrated compounds with a chemical ore esBGnti.al, 
Using the stoichiometrical relations in Eq. (2.15) to 
Eq. ( 2 . 21 ), the quantity of each hydrated compound can be cal- 
culated. After knowing the quantities of hydrated compounds, 
one can estimate the demand of sulphuric acid for a saturated 
reaction with one kU of cement, using Sq.(2.26) - Eq. (2.31). 

Por the onides of cement in fable 5.1, Q-aS0^*2K^/G^A. 

ratio is about O. 03 , which favours the formation of 
monosulphoalujninate , Atomic weights of various compounds 
involved in the ailal^rsis are tabulated in fable A.1, 
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TIBIE A. 1 : ATOMIC FLIGHTS OF COMPOUIOS USED II 

THE AIALYSIS 


Sl*Io* 

Gonpound 

S3n3ibol 

Atomic 




weight 

1 

H 2 O 

H 

18 

2 

30aO.SiO2 

C^S 

228 

3 

2 Ca 0 .Si 02 

C 2 S 

172 

4 

Ga( 0 H )2 

CH 

74 

5 

5Ca0.Al20^ 

O^A 

270 

6 

4Ca0.Al20^.Ee20^ 

G^AE 

486 

7 

CaSO^ 

S 

136 

8 

3CaO.Al203 .3CaSO^ 

CjAS^ 

678 

9 

GaO . Al20.^ . OaSO^^ 

C^AS 

406 

10 

30a0. 23102. 3 H 2 O 

CSH 

342 

11 

3CaO.Al20^.6H20 

03^6 

378 

12 

3CaO..'ll20^. I 2 H 2 O 

G^AH^ 2 

486 

13 

3CaO . 1120 ^ . CaSO^. 1 2 H 2 O 

C 3 ASU., 2 

622 

14 

5 CaO . ill 203*3 CaS 0^ . 3 2H 2 O 

O 3 AS 3 H 32 

1254 

15 

3GaO.Feo0^.6HoO 

G 3 MI 6 

436 

16 

HgSO^ 

fis 

93 

17 

Alp(SO^)j 

AS 3 

342 

18 


ES., 

400 



Water required for complete hydration of 100 of cement 
(compound wise) is as follows: 
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from Eq. (2. 20), it ca,n be seen that 2 molecules of O^S 
reacts with 6. molecules of water. 

Water required for complete hydration of O^S 


= 

6 times the molecular weight of water 

2 times the molecular weight of G-^S 

C„S 

0 

== 

6 Mtt 

xl ^ 

2 

(A.1) 

similarly water required for complete hydration 

Of: 

C2S 

4* Mij 

= 7 if - ^023 Cf^mSq. (2.21)) 

(A. 2) 

C3A 

i 2 

= (from Eq. (2.16)) 

^03 AS 

(A. 3) 


10 ?% 

_ pQ^^ (from Sq. (2.19) ) 

(A.4-) 

W/G 

% , 5Po3S , 

ra:Gio = -- ^ ,,, 

, 100 Mq 2 s ^'’^G3AS 

'^‘^^G4AE 



(A. 5) 


where M refers to atcomic weigh'b of a., compound, and 

Subscript is as defined in 


P for pev'C'''ntrige . 
fable A.1. 



On hydration, two molecules of C^S produce one molecule 
of calciiun silicate hydrate (Sq, (2.20)). 

Quantity of calcium silicate hydrate 


Molecular weischt of 


cs« 


OSH 2 times the molecular weight of ^ ^3^ 


M, 


OSH 


2M, 


•C3S 


■033 


(A. 6) 


Similarly from Hq. (2.21), 


%SH 


= M, 


3P 


OSH 


[ : 


2Mr 


03S ^ -^023 , 

, . ....... ] 

2aL 


(A. 7) 


1033 '^'■'"023 

FroBi Sq. (2.19) to Sq. (2.21 ), quantity of lime 


c = ^C5S 5® ^023 

" 2»1c3S 2!4o2S 


,^^PS7“P4-“ (a. 3) 
Mo 4 ah 


’’/Part of the lime will be consumed in the hydration of C^AF 
From Eq. (2.19) Quantit^r of calcuim aluminate hydrate 


*^C3Al6 


Hit 

"•04AF 


(A. 9) 


Quantity of calcium ferrite hydrate 


'^3FH6 


^P3m6_ ,^0 4AF , 
^'"04Ai^ 


(A. 10) 



.?rom Eq. (2*16) , quantity of monosulphoaluminate 


%3ASH1 2 


CJ_A§H1£ CJA 
'"C3AS 


(a. 1 1 ) 


Three molecules of sulphuric acid reacts with one molecule 
of OSH (Sq. (2.26)). 

u.'. Sulphuric acid required for a saturated re8,ction with QQ 3 g 


■^SH 


3 times the molecular weight of 
__sulphuric ...jici-d q 

(=cular weight of CSH 


OSH 


3 ■ 

%SE 

-'^CSH 


= 0,86 Q, 


■CSH 


(A. 12) 


Simila,rlyj 


Ml 


A _ Qqjj - 1.32 OQuCfrom Eq, 2. 27 ) ^■^* ** 5) 

^ I.'Ir( TJ 


6 Ml 


A 


C3ASH12 


HS 


"C3ASH12 


^3ASH12 


'\33AH6 


0.95 (2*50)) (A.H) 

%3AH6 = ^*56 Qc!3AH6 


6Mtjg 


M, 


C3AH6 


( from Eq. (2.29)) 


(A. 15) 
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6^.T 

^3^6 ~ - ‘^55^16 - ■'•55 Qc35’H6 

(from Sq. (2.28)) (A. 16) 

Total sulphuric acid required /100F of cement 

■‘^acid (0-S6 + '>•32 + 0.950 %5j^g.j2 

+1 . 56r^^^jjg+ 1,35 / 100 il of cement 

(A. 17) 

Density of sulphuric acid is taken as 17.85 klT/m^. Therefore 
volume of acid required for saturated reaction v/ith one Newton 
of cement (7g) : 

A . , 

\ = / (100x17.85) = (A. 18) 

Similarly, one can calculate the demand of any chemical, if 
the sroichiometrical relations are known, Dor a cement given 
in Table 3.1} the compounds can be calculated using Eq. (2.2) 
(2.9 ), If the values are substituted in Eq. (2.2) or Eq,( 2.6) 
G^S comes out as a negative quantity, so it is taken as zero. 
The percentage of each compound is given in Table A. 2. 

TABLE A. 2 : GOKPOUI® GOFiPOSITION OD A GaiEITT GI\/EN IN 
TABIE' 3 . -1 . 


Gompouncl 

Weight in Percenta.ge 

CjS 

0.00 


78.34 

G-,A 

10.75 


13.08 
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Water ceraent ratio and demand of sulphuric acid for a 

saturated reaction with one xiewton of cement^ for the 
compounds given in Table A 42 are as follows: 


W/G = 

100 

( 

^ '2Po3A^ 

'^C3AS 

% 4 AF 


18 

0 2x73.34 

( ^228 ' ”“^'^2“ 

12x10.75 

10x13.03 

486 + 2 x 7 4 


100 

406 

'^CSH 

>%SH ( - 

^^G3S 2^^023 




342 

78.34 

( 0 + -■ ) 
2 x 172 

= 77.88 IT 



\e 

( + ^023 

pTvT 

03d ^ C2S 

'’% 4 A!? 


= 

74 ( 

78.34 

2x172 

2 X 13. 08 

486 

= 12.37 IT 


-^C3A3H12 ^C3A 

^''^C3AS 

622 X 10.75 

40 6 

= 16.47 TT 

% 3 AH 6 


^''C2AH6 ^C4A? 

^'■"C4-A]? 

573x13.03 

486 ■ 

= 10.17 E 
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%35’H6 


M P 


M, 




436x13.08 
48 ? 


11.73 IT 


\ = “g- ( o-se ‘fesH + 1-52 ^ 0-95 Qc3.isHl2 


+ 1.56 OgjiHe ■'‘55 Qo3IH6^ 


(0.86x77.88 +. 1.32 x 12.87 + 0.95 x 16.47 
+ 1.56 X 10.17 + 1.35 X 11.73) 

1785 

= 0.0734 m^/kN or 73.4 l/kN.' 
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iPPjSilDIX 


UlIIMAIS MOMSATT OIPACIPY OP A SOCTIOX 
(without partial SAPSTY PAG tors) 


Considering Y'i.rr. b.1 : 


ja of OABCiS = G = 0.67 + I - Xj,) ] 

'T' 4 


Moment of the 


= f V 

53 ch u 

area OABCL about 3G = 0 

O 

- 0.67 fck*7 * 14 


V 

4- -- f , ..... V / ^ 

9 7 ^ 57 f ^u- 

2 

To ‘ 


(B.1) 


(B.2) 


Dividing- :0q. ( 5 , 2 ) by Eq. (B.1), gives 

^ _ °-225fek^a 

fotal eompresaiv, force= 0 ^= 0.543 fok b 

J.0 oa.l oensiX^ force ^ f — f 4. 

V at 


Limiting 


where 


4sile foi-'ce = 'P = f 4 , 

■ ■ -"y ^ s-c g 

neutral a.xis depth = k, = 

cu ^ 
i 

£ . = -•■■-y. + 0.002 


(3.3) 

(3.4) 

(3.5) 

(3.6) 


ioung's modulus of steel, 200 Opa, and 
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^cu = °-0035 

Substitutin': th.: above values in Jq,. (3,6) : 

0,0035 

0,0035 + ■ - ^* e; + 0,002 
2x10'' 

700 
11 00 + 

-y 

If ^ > k|3, 

Monient of resistauice = = 0^^ (d - ) 

= 0.5427 b k^(l-0.42k|3 

Bfoment of resistance = f d - x^) 

= % J'st <1 ( I - 0-+2 F"'’ 


(3.7) 


) (3.3) 


( 3 . 9 ) 






